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ABSTRACT 
 This dissertation describes the development of the Sierra Nevada range from its 
construction as a magmatic arc to its current configuration as a significant tectonic block 
or microplate in the western North American Cordillera.  The Sierra Nevada range is a 
large coherent physiographic and tectonic block built upon a Mesozoic age batholith that 
is one of the most well studied extinct continental arc systems in the world. Models of 
batholith construction, magmatic evolution and subduction mechanics have all been 
refined as a result of the geologic relationships observed in the Sierra Nevada.  However, 
several important questions related to processes of continental arc systems are still 
unresolved.  Specifically, the complex interplay between orogenesis and erosion in the 
Sierra Nevada is debated, as is the ‘longevity’ of the range created during Mesozoic and 
early Cenozoic subduction.  The cause and source of voluminous magmas emplaced 
during magmatic flare-up events (e.g. late-Cretaceous flare-up of the Sierra Nevada) is 
not yet resolved.  It is speculated that crustal thickening results in anatexis of the lower 
crust, but robust validation of this model in the chemistry of flare-up magmas is needed.  
This dissertation applies multiple geochronologic, thermochronometric and geochemical 
techniques to examine these questions.  In Chapter 1, we investigate the timing and 
magnitude of erosion in the central Sierra Nevada range.  Interpretation of the data 
presented here supports previous investigations in the southern and northern Sierra 
Nevada, which posit high rates of erosion in the late Cretaceous and early Cenozoic.  The 
data presented in Chapter 1 also indicates that the paleotopography of the late Cretaceous 
range was of significant topographic relief and that the distribution of major 
paleotopographic features (e.g. river canyons, major interfleuve divides) in the late 
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Cretaceous were similar to those of the modern range.  Chapter 2 investigates the cooling 
trends observed in batholithic rocks from temperatures of 800°C <T<60°C.  We interpret 
these results to indicate a characteristic pattern of post-emplacement cooling that reflects 
two dominating mechanisms: (1) post-emplacement conductive equilibration of 
temperatures followed by (2) cooling as a result of exhumation.  Chapter 3 investigates 
the long-term fractionation of magmas during the late-Cretaceous flare-up event by 
analyzing trace element concentrations in magmatic zircons.  We find evidence for 
increasingly fractionated melts throughout the flare-up event; an observation that 
supports models of anatexis as a result of crustal thickening.  We also find that the late-
Cretaceous flare-up may have started earlier in the northern portions of the range and 
migrated south over a period of 10-15 Ma, thus indicating a temporal and spatial 
progression not yet recognized.   
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Low-Temperature Thermochronology of the Sierra Nevada and  
Evidence for Early Uplift and Unroofing 
 
Abstract 
This study presents a new thermochronologic data collected to better understand 
the late Cretaceous to early Cenozoic patterns of exhumation in the Sierra Nevada Range.  
Apatite and zircon (U-Th)/He dating of a widely dispersed set of 46 bedrock samples 
taken across the elevation range of the Sierra Nevada provides insight into the spatial and 
temporal variations in erosion throughout the area.  The new data are combined with a 
rich, preexisting dataset of (U-Th)/He data from the region. Histograms of the combined 
dataset show a pulse of cooling and exhumation at 70-60 Ma.  Age distributions 
throughout the central and northern range appear to be independent of major modern 
topographic features.  Additionally, erosion rates calculated using the difference between 
the apatite and zircon ages imply a systematic increase in exhumation rates throughout 
the Cretaceous, peaking at over 1 km/my at 60 Ma.  Each of these observations provides 
additional evidence for late Cretaceous exhumation of the Mesozoic batholith that may 




 The history of uplift of the Sierra Nevada Range (SNR) to its current elevation 
remains controversial subject (Henry, 2009, Putirka and Busby, 2011; Jones and Saleeby, 
2013).  This comes in part from the fact that estimates of absolute paleo-elevation are 
difficult to make and the link between uplift and surface elevation can be complicated 
(Molnar; 1990; Reiners, 2007).  Models and supporting evidence for late Cenozoic uplift 
of the Sierra Nevada Range come from 4 main sources of data: (1) paleodrainage 
reconstructions and range tilt calculations (Huber, 1981, Huber, 1990; Unruh, 1991; 
Wakabayashi and Sawyer, 2001; Wakabayashi, 2013; Martel et al., 2014), (2) modern 
surface movements as indicated by Global Positioning System (GPS) and remote sensing 
techniques (Hammond et al., 2012; Hammond et al., 2016), (3) isostatic-driven uplift due 
to thermal and gravitational instabilities in the lower crust (Zandt et al., 2004; Jones et al. 
2014; Jones and Saleeby, 2013; Chapman et al., 2017) and (4) fluvial incision as 
indicated by cosmogenic studies of cave sediments (Stock et al., 2004; Stock et al., 
2005). In contrast, other datasets indicate that uplift of the Sierra Nevada Range occurred 
largely in the late Cretaceous and/or early Cenozoic and include: (1) paleoelevation/relief 
estimates as indicated by stable isotopes (Poage and Chamberlain, 2002; Mulch et al., 
2006; Crowley et al., 2008; Henry, 2009; Cassel et al., 2009; Molnar, 2010), (2) cooling 
data from low-temperature thermochonologic studies (House et al., 1997; House et al., 
2001; Cecil et al., 2006; Blythe and Longinotti, 2013), and (3) sedimentologic studies of 
early Cenozoic fluvial and volcanic deposits (Yeend, 1974; Creely and Force, 2007; 
Henry, 2008; Cassel et al., 2009). Other syntheses of data have suggested that the uplift 
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history of the SNR is both spatially and temporally variable (Small and Anderson, 1995; 
Wernicke et al., 1996; McPhillips and Brandon, 2012; Blythe and Longinotti, 2013).  
In this paper, we present new results and a regional synthesis for the erosional 
history of the SNR using (U-Th)/He thermonchronology on zircon (ZHe) and apatite 
(AHe) for samples from the area between Lake Tahoe and the Merced River (Fig. 1.1).  
These results provide a valuable link between the previous (U-Th)/He work on the 
southern (House et al., 2001) and northern Sierra Nevada (Cecil et al.; 2006).  Our results 
are combined with these existing datasets to yield a more complete history of exhumation 
from the Sierran crest to the western foothills.   Although not a direct measure of the 
paleoelevation of the range, it is both an important recorder or exhumation and can give 
information about paleotopographic features such as deep incision in river systems. 
 
Background 
The Sierra Nevada Range is an iconic example of a subduction related batholith.  
The plutonic rocks of the Sierra Nevada orogen formed within a continental arc 
environment starting at about 220 Ma and ending at roughly 85 Ma (Chen and Moore, 
1982; Barth et al., 2018).  It now sits at an elevation of 3 to 4 km at its crest. Geological 
and geophysical data suggest that roughly 20-25 km of the 30km thick crust is granitic 
(Ague and Brimhall, 1988; Wernicke, 1996; Ducea, 2001), indicating that the restitic root 
material has been removed (Manley et al., 2000; Farmer et al., 2002).   
Delamination of the eclogitic root has implications for the uplift and erosion 
histories, and some research suggests uplift of the Sierra Nevada range after ca. 8 Ma as 
inferred from volcanic activity containing mantel xenoliths with geochemical signals 
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indicating delamination of the crustal root (Ducea, 2001; Saleeby and Foster, 2004, 
Putirka and Busby, 2007; Jones and Saleeby, 2013). Independent studies of the late 
Cenozoic uplift of the Sierra Nevada suggest 1.0 to 2.5 km of rock uplift in the last 10 Ma 
along the crest of the entire Sierra Nevada, perhaps due to a combination of slab 
detachment coupled with movement of the normal fault system on its east boundary.  
These studies are largely based on stream incision rates (e.g. Wakabayashi and Sawyer, 
2001) and westward tilting of volcanic and geomorphic surfaces (Clark et al., 2001).  
Other studies support the idea of late uplift of the Sierra Nevada range from high post-
10Ma erosion rates calculated through cosmogenic dating of cave sediments (Stock et al., 
2004).  
In contrast, several studies attribute the uplift of the Sierra Nevada Range late 
Cretaceous time (Yeend, 1974; House et al., 1997; House et al., 2001; Poage and 
Chamberlain, 2002; Mulch et al., 2006; Cecil et al., 2006, Creely and Force, 2007; 
Crowley et al., 2008; Henry, 2009, Cassel et al., 2009; Cassel et al., 2009; Henry, 2008; 
Cecil et al., 2010; Molnar, 2010) with subsequent uplift and slow erosion throughout the 
Cenozoic.   Studies of (U-Th)/He dates in the southern SNR have suggested early 
Cenozoic creation of high relief (~2km) followed by slow erosion and relief decreases 
(e.g. House et al., 1997; House et al., 2001).  More recent thermochronologic studies in 
the northern Sierra Nevada exhibit similar age patterns and signify early exhumation of 
the granitic batholith (Cecil et al., 2006).  In addition to the thermochonologic studies, 
stable isotope data from east and west of the range argue for the existence of an 
orographic barrier coincident with the modern SNR in early Cenozoic time (e.g. Cassel et 
al., 2009; Henry, 2009).  Finally, the occurrence of Eocene deposits along the western 
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margin of the range indicate a very high-energy fluvial system existed that drained a 
topographic high to the east (Unruh, 1991).  This, in turn, indicates the existence of high 
relief early in the Cenozoic.  
This study attempts to better delineate to the cooling history and exhumation 
recorded in rocks of the SNR by filling the data gap that exists between the southern and 
northern AHe datasets.  We also integrate zircon (U-Th)/He analysis and data into the 
study to provide better constraints on the uplift and erosion history of the Sierra Nevada 
Range.  Below, we describe the methods including sample collection, (U-Th)/He 
procedures and data collection, and uncertainties.  This is followed by a discussion of the 
significance of the results for interpreting the region. 
 
Methods 
 In this study we report 74 new AHe and ZHe results from 46 samples collected 
between the Merced River and Lake Tahoe from the crest to the western foothills of the 
Sierra Nevada range (Fig. 1.1).  We first describe sample collection strategy and 
processing, then the (U-Th)/He methods along with their uncertainties as the basis for T 
and cooling T/t interpretations.  
Sample Collection and Mineral Separation 
We collected all samples from bedrock exposures of Mesozoic plutonic rocks.  In 
total, 150 samples were collected of which 46 selected and analyzed (Table 1.1).  As 
shown in Figure 1.1, transects were collected from the Merced, Tuolumne, American, 
and Mokelumne river drainages.  Additional transects were collected from the interfluve 
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areas between the rivers.  Each transect started at the westernmost extent of the plutonic 
rock outcrop and extended eastward to as close to the Sierra crest as access allowed.    
Mineral separation was performed at the University of Kansas.  Samples were 
crushed, milled and sorted by density on a water table.  The resulting heavies were 
processed by using heavy liquids.  The denser fractions were then further processed using 
a Frantz magnetic separator and methylene iodide to isolate apatite and zircon fractions.  
 (U-Th)/He Technique  
(U-Th)/He analysis was performed on both apatite and zircon separates at the 
University of Kansas.  Mineral separates were inspected under a stereomicroscope to 
identify representative, euhedral, and inclusion free grains.  The grain’s dimensions were 
measured using the stereomicroscope and microscope imaging software.  Single selected 
grains were loaded into platinum foil and heated with a Nd:YAG laser to a temperature of 
1050°C for apatite and 1200°C for zircon.  Reheats were performed to test for re-extracts 
of helium and the presence of inclusions.  The helium content was calculated by means of 
isotope dilution and measured on a quadrapole, gas-source mass spectrometer.  Grains 
were then spiked and digested in acid and analyzed for uranium, thorium, and samarium 
concentrations by ICPMS (inductively coupled plasma mass spectrometer).  
The (U-Th)/He dating technique is based on the decay of 235U, 238U, 232Th, and 
147Sm by alpha (4He nucleus) emission (Farley, 2002). At temperatures above ~80°C, 4He 
is completely expelled from apatite and is almost totally retained below ~40°C (termed 
the Partial Retention Zone or PRZ; Stockli et al., 2000). In zircon, the PRZ corresponds 
to temperatures between 150°C and 190°C (Reiners, 2005). Dates are initially determined 
using just the concentrations of parent (235U, 238U, 232Th, and 147Sm) and daughter (4He) 
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isotopes. A complicating factor is that the decay energy of the parents, up to ~8 MeV, is 
associated with α-recoil of the parent nucleus and energetic emission of the α particle 
with high kinetic energy (Farley et al., 1996). This causes the α particles to travel 
significant distances before coming to rest, leading to potential α loss during decay. 
Resulting (U-Th)/He dates must be corrected for daughter loss by this ejection effect.  To 
estimate lost daughter, a correction (FT correction described in Farley et al., 1996) is 
made using a statistical approach taking into account mineral density and crystal 
geometry.   
Propagated analytical uncertainties for individual analysis are generally 3-4% at 
2σ, when uncertainty in the FT correction is considered.  These uncertainties do not seem 
to account for scatter in most sample dates, and the accepted practice in (U-Th)/He dating 
is to apply a percentage error to individual analyses based on the reproducibility of 
laboratory standards: 6% for apatite and 8% for zircon (Farley et al., 2000; Reiners and 
Farley, 2005). We then compute the mean date of a sample by simply taking the average 
of the individual grain dates.  We apply an overall uncertainty of 6% or 8% to the mean 
date.  Although we could compute the standard error of the sample dates with multiple 
analyses, e.g. using σ/√n, we choose to be somewhat more conservative, because we are 
still not considering systematic errors in the correction parameter or elemental and 
damage zoning in grains.  Other approaches to computing ages and errors accounting for 






The (U-Th)/He mean sample ages are shown in Figure 1.2; summary results are 
given in Table 1.1 and individual grain analyses are reported in the supplementary tables.  
Dates from individual samples were generally reproducible within the uncertainty 
analysis described above.  Of the 176 individual AHe analyses, a total of eight were 
excluded because of their dates.  Four analyses yielded an age at or near 0 Ma indicating 
that the grain was lost in analysis, and another four analysis yielded ages far greater than 
the other grains in the sample and probably reflecting the presence of U-Th rich 
inclusions not identified during grain selection.  Of the 106 individual zircon analyses, 
only 3 analyses were excluded due to dates far outlying the main sample population.  The 
general agreement of dates of samples within close spatial proximity and the overall 
reproducibility between grains from single samples indicates that the calculated ages 
probably reflect cooling ages through the respective PRZs.  We also find that age/grain 
size (date vs. FT) relationships show no significant trend (see supplemental data; SP1.1), 
consistent with grains undergoing a relatively simple, monotonic cooling history.  
Because of this, we use the mean sample ages rather than single grain ages in our 
interpretations. 
It has been well documented in previous studies (e.g Schuster et al., 2006, 
Flowers et al., 2007, Lee et al., 2013) that samples residing in the PRZ for extended 
periods of time commonly show a positive correlation between individual grain ages and 
effective uranium concentration (eU), which represents the alpha radiation dose that a 
mineral grain would receive.  The data presented here were inspected to identify a 
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possible correlation.  However, Figure 1.3 shows no significant correlation between date 
and eU, probably indicating that the rocks cooled relatively rapidly through the PRZ. 
Figure 1.2A illustrates how AHe ages have a trend towards older ages to the north 
and west and younger ages to the east and south. The oldest AHe ages come from the 
westernmost samples of the Mokelumne river drainage with a sample dated at 103.0 ± 6.2 
Ma and having a corresponding oldest ZHe age at 95.9 ± 7.7 Ma.  The youngest ages 
come from the upper reaches of the Tuolumne and Merced drainages with one AHe as 
young as 37.7 ± 2.3 Ma. As discussed in subsequent sections, a regional younging trend 
is observed in the AHe dataset so that the youngest cooling ages are generally observed 
along the Sierra Crest (Fig. 1.2). ZHe data also display a trend towards younger ages in 
the east and older ages in the west (Fig. 1.2B).  However, the spatial extent of the sample 
set is significantly smaller than that of the AHe and, therefore, allows less robust 
information on regional age trends.  
An important exception to the regional age trend is the AHe dates from the 
Emigrant Wilderness.  Nearby Miocene volcanics of the Mehrten Formation overlie the 
granitic basement nonconformably and AHe ages were partially or fully reset.  Here, 
AHe ages are observed as young as 6.3 ± 0.4 Ma and are thought to provide a maximum 
age for the eruption event as discussed later.  
 
Discussion 
Late Mesozoic Cooling Rates 
 The AHe ages recorded in the SNR span almost 70 Ma.  The earliest cooling ages 
are latest Early Cretaceous (Albian, 103 Ma, SN0802) while the youngest are 31.6 Ma in 
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the Southern Sierra (i.e. MH97-K9, House et al., 1997; we exclude samples reset by 
overlying Miocene volcanics in this discussion). Despite the large range in cooling ages, 
a reproducible and characteristic age distribution occurs in the north, central, and 
southern regions of the SNR.  Figure 1.4 illustrates the distribution of AHe and ZHe ages 
available from multiple studies.  The AHe and ZHe ages appear normally distributed 
excluding the reset samples.  The peak of this distribution occurs between 55 and 65 Ma 
in the AHe ages and at 65-75 Ma in the ZHe ages.  Most AHe cooling ages younger than 
60 Ma are from the southern portion of the range.   
 Because the closure temperatures of in AHe and ZHe systems differ by 
approximately 90°C, an average erosion rate can be calculated using the time between the 
systems with following formula: 
C = ΔTC / ΔA 
where C is the cooling rate, ΔTC is the difference in closure temperatures between zircon 
and apatite (90 °C using 150 °C for zircon and 60 °C for apatite; Reiners, 2005), and ΔA 
is the difference in AHe and ZHe ages for a given sample.  Figure 1.5 shows the results 
of this calculation, and indicates that erosion rates increased in a systematic fashion from 
3-4 °C/My at 95 Ma to over 20 °C/My at 65 Ma.  In some samples, AHe and ZHe ages 
are within error of one another yielding a calculated cooling rate is markedly higher (over 
40°C/Ma).  All samples that produced both AHe and ZHe ages are included in this plot, 
and samples from the north SNR (i.e. Cecil et al., 2006) and central SNR (this study) are 
differentiated by symbol shape.  It is apparent that the systematic increase in cooling rates 
into the late Cretaceous is shared by both the northern and central SNR.  As of yet, no 
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ZHe data exists for the southernmost SNR so this correlation cannot be extended farther 
south than the Merced drainage.   
Early Paleomorphology of the Sierra Nevada Range  
 We examined dates from all the datasets for the SNR for any correlation between 
modern topography and AHe ages to assess any paleomorphologic signal for the late 
Cretaceous to early Cenozoic.  As discussed by House and others (1997, 2001), the 
presence of a direct correlation between He ages and modern high-relief topography 
would indicate that samples cooled in an environment of regionally horizontal isotherms, 
reflecting a lack of paleotopography.  Because topographic relief in the SNR approaches 
2km, it is likely that samples from drainages would have been in their PRZs prior to latest 
uplift.  For that reason, drainage samples should show a consistent signal of younger 
cooling ages whereas interfluve areas will not. This would be the correlation of young 
ages with lower elevations and older elevations with higher elevations. Conversely, if the 
elevations do not correlate with the age, then all samples were at a similar exposure 
level/depth at the older time of cooling meaning that paleo-isotherms were similar to 
current landscape features.  This would be most consistent with a paleotopography 
pattern and relief that is like the modern picture of the SNR.  Quantification and 
identification of such a correlation is problematically sensitive to parameters such as 
paleo-geothermal gradients, regional heat-flow patterns, paleo-lapse rate, and others 
(Reiners, 2007 and references therein). We think that because our samples are widely 
distributed and our analysis is along a specific corridor, that any signal in the dates should 
be recorded regardless of the other parameters. 
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The topographic/age profile plot shown in Figure 1.6 illustrates mostly a lack of 
correlation of modern topography with age.  A linear fit of ages vs. distance along section 
is shown, and with only a few notable exceptions, dates fall within 20Ma of the fit.  
Figure 1.7 shows samples plotted based on whether they are regional and interfluve in 
scope or from drainage bottoms.  Mean ages derived using this distinction are the same 
within error.  We discuss both ways of viewing the data below. 
In Figure 1.6 there are 3 locations that show significant deviations from the best-
fit line.  These are a sample from Kern River Canyon, one from Kings Canyon, and three 
samples from the Toulemne River Canyon that exhibit ages greater than 20Ma off the 
linear fit. All these areas have been interpreted have complex incision histories.  Both the 
Kings Canyon and Kern River Canyon are considered to have undergone recent and 
significant incision (House et al., 1997; House et al.; 2001; Clark et al., 2005; 
Wakabayashi, 2013 and references therein; Cecil et al., 2014; Krugh and Foreshee, 
2018).  Both areas exhibit distinctive ‘inner canyons’ and contain fluvial systems that do 
not appear to be in erosional equilibrium, thus supporting the idea that these canyon 
systems have a multi-stage incision history.  The more recent event was large enough to 
be reflected in the AHe data by erosion into the PRZ of these samples.  The other area is 
the Toulemne River drainage in Yosemite National Park (labeled TR, Figure 1.6). We 
suggest that these ages support a previous suggestion that the canyon of the upper 
Tuolumne River is a younger feature than the geomorphically distinct lower reaches.  
Unruh (1990) argued that the distribution of volcanic rocks of the Merhten Formation 
provides evidence that the canyon of the upper Tuolumne River was damned by the 
widespread Late Miocene volcanic rocks.  As a result, the Tuolumne River was diverted 
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away from the paleochannel and to its present path leading to relatively recent incision of 
the modern Tuolumne Canyon.  In this scenario, the absence of the modern Tuolumne 
River Canyon would mean that samples 08SNTD01 and 08SNTD04 would have resided 
approximately 1.5 km or more beneath the surface and possibly in the He PRZ 
(depending on paleo-geothermal gradients), thus leading to their anomalously young 
ages.  This observation appears to be the first thermochronologic evidence for the recent 
incision of the upper Tuolumne River canyon, but data supporting this hypothesis would 
certainly benefit from more thermochronometric data. 
Assuming that the 5 samples that deviate from the trend of Figure 1.6 by more 
than 20Ma are in areas of complex incision history, there is not a correlation of dates with 
modern elevation; rather, ages are uniform with distance along cross section (with a small 
trend of younging to the south).  Indeed, there is also no tendency for any correlation of 
scatter to lower ages as drainages are approached.  For this reason, we consider this 
pattern to be most consistent with late Cretaceous and early Cenozoic paleotopography 
being generally similar to that at present. 
An age/elevation plot of all available AHe data for the SNR (excluding thermally 
reset samples) is shown in Figure 1.7 and further supports this interpretation. Samples 
here are categorized into either regional interfluve samples or as drainage bottom 
samples; dissimilar symbols in Figure 1.7 differentiate the age/elevation points based 
upon this categorization.  Using reasoning similar to that outlined above, in a cooling 
scenario where isotherms are horizontal (e.g. low-topography), samples of relatively high 
elevation (i.e., interfluve samples) would cool sooner and be older than those from lower 
elevations (i.e., drainage bottom samples). Conversely, in scenarios where isotherms are 
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deflected downward beneath topographic lows, samples in drainage bottoms cool nearer 
to or at the time as higher elevation samples from the surrounding interfluves (see Lee et 
al., 2013 for more).  In this latter case, there should be little difference between drainage 
and interfluve sample ages, on average.  Figure 1.7 illustrates that the mean age 
difference for drainage and interfluve samples is only 2.9Ma when all samples are 
considered.  Five samples included in this plot yield relatively young ages and are 
thought to be influenced by late Cenozoic incision of up to 2km of the SNR as discussed 
in the preceding paragraphs.  If these drainage bottom samples are disregarded from the 
mean ages, then the mean age difference between drainage and interfluve samples shrinks 
to 0.8Ma, well within the scatter for both area types.  This observation indicates that 
samples in modern topographic lows were cooling, on average, at the same time as 
samples from the topographically higher drainage divides.  This, in turn, supports a 
scenario in which the drainage samples cooled under paleotopographic lows that were in 
roughly the same location as modern topographic drainages, and thus arguing for 
significant paleotopography in the late Cretaceous and early Cenozoic.  
Relief Peak Formation Age Constraints 
 Six samples collected from the Emigrant Wilderness indicate that they were at 
least partially reset from overlying volcanic rocks of the Relief Peak Formation.  These 
six samples, shown in Figure 1.8 lie adjacent to the volcanic rocks and show ages 
significantly younger than the cooling ages of other samples from the same batholithic 
unit: the Topaz Lake granodiorite.  We suggest that the youngest of the reset ages offers a 
maximum age of the overlying volcanic eruptive event.  The Relief Peak Formation is 
part of the regionally extensive Mehrten Formation and was first described by Curtis 
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(1954).  The Mehrten Formation provides an important time marker to help resolve the 
topographic nature of the Sierra Nevada range at the time of eruption and also provides 
important constraints of fluvial incision rates (refs in Wakabayashi and Sawyer, 2001).  
However, the age of the Mehrten formation is not well understood.  Dalrymple (1964) 
presented K/Ar whole rock data for the Relief Peak formation with an age of 9.5 Ma.  
Additional whole rock K/Ar ages of the Relief Peak formation were published by Morton 
et al. (1977) and report ages of 19.2 ± 0.8 and 20.0 ± 0.8.  Busby et al.’s (2008) more 
recent study of Sierra Nevadan volcanic rocks reported 40Ar/39Ar ages of the Relief Peak 
formation that are between 10.17 ± 0.18 to 10.35 ± 0.25.  These variable results are at 
odds with a maximum age of 6.3 ± 0.4 Ma as inferred from the reset apatite (U-Th)/He 
ages presented here.  We suggest that the age of the Relief Peak formation still remains 
unresolved and demands further attention as many of the late Cenozoic erosion rate 
calculations depend heavily on the age of these late Cenozoic volcanic rocks. 
Tectonic Framework  
 The highest cooling rates in this study correlate temporally with the onset of the 
Laramide Orogeny in Maastrichtian time (66-75Ma, e.g. Dickenson et al., 1998; 
Decelles, 2004; Jones et al., 2011). This observation, in addition of the apparent presence 
of paleotopography of the SNR during the late-Cretaceous and early Cenozoic, augments 
other lines of geologic evidence supporting the existence of a significantly uplifted and 
eroded SNR by the early Cenozoic.  These additional lines of evidence include Eocene-
aged river gravels in the foothills of the SNR have long been used as an argument for 
early uplift and unroofing (Yeend, 1974; Creely and Force, 2007; Cassel et al., 2009; 
Henry, 2008; Cecil et al., 2010, Cassel et al., 2012), and various studies addressing stable 
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isotopic signatures (e.g. Paoge and Chaimberlain, 2002; Horton et al., 2004; Mulch et al., 
2006; Crowley et al., 2008; Cassel et al., 2009).  
Figure 1.9 compiles some of the major tectonic events associated with the SNR.  
In it, apparent magmatic flux rates within the Sierra Nevada batholith and convergence 
rates of the North American and Farallon Plates are shown.  Erosion rates from this 
study, as shown in Figure 1.9, are calculated from the cooling trend identified in Figure 
1.4 and assumes a geothermal gradient between 20°C/km and 60°C/km.  As noted earlier, 
the calculated erosion rate rapidly increases through the late Cretaceous and into the early 
Cenozoic.  However, the presence of Cretaceous AHe ages at the surface indicate that the 
high erosion rates of the late Cretaceous/Early Cenozoic inevitably slowed, as data from 
the AHe vertical transects of Clark et al., 2005 indicate.  These data indicate relatively 
slow erosion rates of portions the Sierra Nevada Batholith from the early Eocene to the 
late Miocene.   
 
Conclusions 
 The data presented in this study sheds light on the nature of the Sierra Nevada 
with regard to topography and erosion rates in the Cretaceous and early Cenozoic.  We 
augment previous thermochronologic studies with new data from the central part of the 
SNR and offer a synthesis of all available (U-Th)/He data. AHe ages older than 103 Ma 
indicate that western portions of the range have undergone relatively little erosion (<3km 
assuming a geothermal gradient of 20°C/km) since the Albian.  However, in the central 
and eastern portions of the range, cooling rates systematically increased from about 2-
4°C/my at 95Ma to rates as high as 40°C/my between 55 and 65 Ma. Although 
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quantification of the scale of paleotopographic relief is not possible by the techniques 
undertaken in this study, indications from the data presented here are that the range 
possessed paleotopographic features that are spatially equivalent to today and that the 
scale of those features was large enough to deflect isotherms in the AHe partial retention 
zone. Following rapid exhumation of the batholith before 50 Ma, erosion rates quickly 
subside by more than an order of magnitude and remain relatively low until the late 
Miocene to Pliocene, when numerous other studies document late and rapid incision of 
fluvial valleys and terraces (e.g. Wakabayashi and Sawyer, 2001; Wakabayashi, 2013; 
Stock et al., 2004; Dalrymple, 1963).  It is our assertion that these overall observations 
are not contradictory. While more recent structural and flexural processes appear to have 
resulted in renewed uplift and subsequent localized erosion of the Sierra Nevada Range, 
the data presented here indicate that the late Mesozoic/early Cenozoic SNR was 
significantly uplifted, probably leaving it topographically high, rugged and eroded to 
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Figure 1.1. A relief map of the central Sierra Nevada showing sample locations, major 
drainages, and the cross section lines are referred to in the text.  The drainages are as 
follows: AR is the American River, MoR is the Mokelumne River, SR is the Stanislaus 
River, TR is the Tuolumne River, MeR is the Merced River. 
 
Figure 1.2. A relief map showing sample localities and (U-Th)/He ages. Both apatite and 
zircon (U-Th)/He ages are shown where available.  The high sample density of the 
Emigrant Wilderness is shown as a grouping.  Specific ages are not shown here for 
clarity.  Refer to Tables 1 and 2 for corresponding data. 
 
Figure 1.3. An apatite (U-Th)/He cooling age vs eU plot of data presented in this study.  
As noted in the text, the lack of a strong correlation between age and the effective 
uranium concentration (eU) indicates that samples cooled quickly through the partial 
retention zone (i.e 40°C – 80°C).  For clarification, 6 samples (18 analyses) that 
underwent thermal resetting were excluded from this plot. 
 
Figure 1.4. Histograms of apatite and zircon (U-Th)/He data from this study and others.  
Ages are divided into bins based upon 5 million year increments. 
 
Figure 1.5. A plot of cooling rate vs time for all samples yielding both apatite and zircon 
(U-Th)/He ages.  Cooling rate is derived from the difference between the zircon (U-
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Th)/He age and the apatite (U-Th)/He age.  The closure temperatures for each system are 
150°C for zircon and 60°C for apatite (see Reiners, 2005). 
 
Figure 1.6. A plot of apatite (U-Th)/He ages across a range-parallel topographic 
projection of the Sierra Nevada range.  The axis used for the topographic projection is 
shown in Figure 1 as cross section line A-A’.  Because a West-East age trend exists, 
samples collected further than 40 kilometers from the cross section line are excluded 
from this graph.  The dashed lines parallel to cross section line A-A’ indicates a distance 
of 40 km.  As a result, 4 samples from this study and 4 samples from Cecil et al., 2006, 
are excluded.  Black- or color-filled symbols indicate samples near drainages or regional 
interfluves.  Ovals around data identify groups of data where AHe ages are observed that 
vary greater than 20Ma from the statistically derived linear fit shown.  The equation for 
the linear fit is y = -3.0x+65, where y is the age and x is the distance along cross section 
line A-A’.  TR identifies samples from the Tuolumne River Canyon. KR is Kern River 
Canyon; KC is Kings Canyon. EW identifies thermally reset samples from the Emigrant 
Wilderness. 
 
Figure 1.7. An Age/Elevation plot of apatite (U-Th)/He data from the Sierra Nevada 
Range.  The mean sample age for drainages and interfluves are indicated by the colored 
vertical lines labeled D and I, respectively.  Sources of data are differentiated by symbol.  
Black- or color-filled symbols differentiate the proximity of samples to drainages or 
regional interfluves.  Samples collected further than 40 kilometers from the cross section 
line A-A’ (figure 1) are excluded from this graph.  The dashed lines parallel to cross 
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section line A-A’ indicates a distance of 40 km.  Four samples from this study and 4 
samples from Cecil et al., 2006, are excluded from this graph. Thermally reset samples 
from the Emigrant Wilderness are not included for clarity. The mean drainage age is 
58.5Ma and the mean interfluve age is 61.4Ma (excluding thermally reset samples).   
 
Figure 1.8. Thermally reset apatite (U-Th)/He age data from the Emigrant Wilderness.  
Increasingly reset ages are a result of thermal heating due to the late eruption and 
deposition of the relief Peak formation.  Reset samples were all collected from 
Cretaceous granite. 
 
Figure 1.9. A compilation of erosion rates through time as measured in several studies.  
Tectonic data, are compiled by DeCelles (2004) and includes convergence rates of the 
North American Plate and Farallon Plate as calculated at 38°N (compiled by Doubrovine 
and Tarduno, 2008), and the apparent intrusive flux rate (Ducea, 2001).  Erosion rates are 
based on results from: (1) low-temperature thermochonology of vertical transects from 
Clark et al., 2005, (2) cosmogenic studies of abandoned cave sediments due to fluvial 
incision by Stock et al., 2004, (3) cosmogenic dating of upland granites by Riebe et al., 
2005, (4) fluvial incision and water table changes as indicated by cosmogenic dating by 
Stock et al., 2005, (5) Fluvial incision rates of the Kern River by Dalrymple (1963) and 
Ross (1986), and (6) this study.  The vertical height of the erosion rate boxes 
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Supplemental Figure SP1.1. Apatite (U-Th)/He age data plotted against Ft.  A plot of all 
apatite (U-Th)/He analyses against the Ft corrective factor shows that no correlation 























Supplemental Table SP1.2. Apatite (U-Th)/He data 
Individual analyses consisted of multiple grain aliquots; typically 3 apatite grains each.  Age error for 
individual analyses is 6%.  Relatively young ages can occur if apatite grain loss occurs during packaging or 
preparation.  As such, analyses with anomalously young ages are disregarded and are noted below by 
strikethrough text.  Relatively old ages can be observed when non-apatite inclusions are present.  In such a 
scenario, helium is diffused and analyzed but U, Th and Sm are often undigested and, therefore, absent in 




Sample Age [Ma] ± [Ma] U [ppm] Th [ppm] Sm [ppm] Th/U He [nmo/g] mass [mg] eU Ft stddev
SN08DW01-1 59.5 1.0 35.8 60.2 94.4 1.7 10.77 6.7 50.0 0.66
SN08DW01-2 57.1 0.9 32.0 46.5 76.5 1.5 8.40 5.2 42.9 0.62
SN08DW01-3 58.8 1.0 32.1 51.1 77.5 1.6 7.91 2.8 44.1 0.56
SN08DW01 58.5 0.9 33.3 52.6 82.8 82.8 1.58 9.0 45.7 0.61 1.2
SN08MD07-1 54.0 0.5 44.7 65.4 60.3 1.5 12.79 12.5 60.1 0.72
SN08MD07-2 57.1 0.6 44.5 81.2 77.0 1.8 12.83 6.7 63.6 0.65
SN08MD07-3 55.0 0.5 46.0 65.0 60.9 1.4 10.98 5.6 61.2 0.60
SN08MD07 55.3 0.6 45.1 70.5 66.1 66.1 1.57 12.2 61.6 0.66 1.6
SN08TD04-1 36.8 0.3 37.3 33.5 40.7 0.9 5.70 5.3 45.2 0.63
SN08TD04-2 37.4 0.4 56.5 67.1 75.0 1.2 9.08 5.5 72.2 0.62
SN08TD04-3 41.3 0.3 72.3 73.4 63.7 1.0 12.27 4.4 89.6 0.61
SN08TD04 38.5 0.3 55.4 58.0 59.8 59.8 1.03 9.0 69.0 0.62 2.5
SN08PV11-1 55.6 0.9 24.9 31.4 60.6 1.3 6.79 9.3 32.3 0.69
SN08PV11-2 52.4 1.1 21.3 23.4 60.4 1.1 4.66 4.9 26.8 0.60
SN08PV11-3 54.3 0.9 27.9 25.0 57.1 0.9 6.07 3.9 33.8 0.60
SN08PV11 54.1 0.9 24.7 26.6 59.4 59.4 1.08 5.8 31.0 0.63 1.6
SN08YH05-1 40.1 1.7 10.8 31.1 95.1 2.9 2.77 9.1 18.1 0.68
SN08YH05-2 33.7 1.0 11.7 25.1 62.6 2.1 2.03 4.5 17.6 0.61
SN08YH05-3 39.4 1.6 10.7 26.0 74.1 2.4 2.00 2.6 16.8 0.54
SN08YH05 37.7 1.4 11.1 27.4 77.3 77.3 2.48 2.3 17.5 0.61 3.5
SN08YV07-1 48.5 0.3 45.3 90.3 35.7 2.0 11.30 6.2 66.5 0.64
SN08YV07-2 27.6 0.2 70.0 85.5 40.9 1.2 7.75 3.6 90.1 0.57
SN08YV07-3 49.0 0.3 44.8 95.5 21.2 2.1 9.85 3.1 67.2 0.55
SN08YV07-4 43.1 2.6 45.6 63.1 26.9 1.4 9.36 6.8 60.4 0.66
SN08YV07-5 235.8 14.1 60.8 93.5 22.7 1.5 60.44 3.7 82.8 0.57
SN08YV07 46.9 1.1 45.2 83.0 27.9 1.8 10.2 5.4 64.7 0.62 3.3
SN08MD01-1 81.1 0.9 48.5 96.8 87.1 2.0 18.17 3.6 71.2 0.57
SN08MD01-2 77.8 1.1 32.4 60.5 73.3 1.9 11.96 4.0 46.6 0.60
SN08MD01-3 82.3 1.0 34.3 65.8 64.7 1.9 14.28 5.2 49.8 0.64
SN08MD01 80.4 1.0 38.4 74.4 75.0 75.0 1.93 14.8 55.9 0.60 2.4
SN08MD10-1 52.2 3.1 6.6 13.7 54.8 2.1 1.88 5.8 9.8 0.65
SN08MD10-2 55.0 3.3 6.8 25.9 60.9 3.8 2.40 4.0 12.9 0.60
SN08MD10-3 64.8 3.9 21.8 60.1 112.9 2.8 6.62 2.8 35.9 0.51
SN08MD10 57.3 3.4 11.7 33.2 76.2 2.9 3.6 4.2 19.5 0.59 6.6
SN08YH13-1 56.4 0.3 40.2 84.8 20.2 2.1 11.76 6.1 60.1 0.64
SN08YH13-2 59.2 0.3 34.6 77.2 11.7 2.2 9.84 3.7 52.7 0.58
SN08YH13-3 57.3 0.3 39.9 86.4 13.2 2.2 10.98 3.8 60.2 0.59
SN08YH13 57.6 0.3 38.2 82.8 15.0 15.0 2.17 10.9 57.7 0.60 1.4
SN08YV03-1 55.9 0.7 45.2 52.6 80.6 1.2 11.62 6.9 57.6 0.66
SN08YV03-2 52.2 0.6 33.0 38.8 55.6 1.2 7.83 5.9 42.1 0.65
SN08YV03-3 57.6 0.7 33.9 44.3 59.9 1.3 8.48 4.1 44.3 0.61




Sample Age [Ma] ± [Ma] U [ppm] Th [ppm] Sm [ppm] Th/U He [nmo/g] mass [mg] eU Ft stddev
SN08TD01-1 22.9 1.3 3.6 7.2 9.8 2.0 0.39 2.7 5.3 0.59
SN08TD01-2 45.5 0.5 28.2 42.7 31.0 1.5 5.29 2.7 38.2 0.56
SN08TD01-3 31.6 0.8 15.0 19.7 29.4 1.3 1.72 1.9 19.6 0.51
SN08TD01-5 47.0 2.8 29.3 39.7 18.6 1.4 7.55 12.7 38.6 0.77
SN08TD01-4 42.1 2.5 4.9 6.0 3.4 1.2 1.16 21.5 6.3 0.80
SN08TD01 37.8 1.6 16.2 23.1 18.4 1.5 3.2 8.3 21.6 0.65 10.3
SN08YH11-1 56.4 0.5 14.6 38.5 21.2 2.6 5.39 15.8 23.7 0.74
SN08YH11-2 56.0 0.5 14.6 29.9 19.1 2.1 4.43 8.0 21.6 0.67
SN08YH11-3 61.2 0.5 14.9 39.5 18.6 2.7 5.16 7.1 24.2 0.64
SN08YH11 57.9 0.5 14.7 36.0 19.6 19.6 2.45 5.0 23.2 0.68 2.9
SN08HH06-1 53.5 0.3 44.9 54.1 12.4 1.2 12.09 8.1 57.6 0.72
SN08HH06-2 61.1 0.3 53.3 67.3 12.9 1.3 15.29 6.8 69.1 0.67
SN08HH06-3 50.9 0.3 42.1 42.9 12.5 1.0 9.06 4.7 52.2 0.63
SN08HH06 55.2 0.3 46.7 54.7 12.6 12.6 1.16 12.1 59.6 0.67 5.3
SN08HH07-1 58.5 0.3 120.2 162.2 54.8 1.3 36.41 8.5 158.4 0.72
SN08HH07-2 59.6 0.3 105.5 143.2 52.4 1.4 30.08 7.2 139.1 0.67
SN08HH07-3 58.9 0.3 117.7 148.1 49.9 1.3 31.05 7.5 152.5 0.64
SN08HH07 59.0 0.3 114.5 151.2 52.4 52.4 1.32 32.5 150.0 0.68 0.6
SN08MH01-1 56.7 3.4 51.0 64.1 59.1 1.3 13.09 5.2 66.0 0.64
SN08MH01-2 54.5 3.3 59.9 75.2 46.3 1.3 12.40 3.2 77.5 0.54
SN08MH01-3 56.3 3.4 51.8 74.5 54.1 1.4 12.57 3.8 69.3 0.59
SN08MH01 55.8 3.3 54.2 71.3 53.2 1.3 12.7 4.1 70.9 0.59 1.1
SN08MH05-1 62.9 3.8 77.4 73.9 47.3 1.0 21.53 5.9 94.8 0.66
SN08MH05-2 67.4 4.0 134.6 155.4 71.9 1.2 37.86 3.8 171.1 0.60
SN08MH05-3 71.6 4.3 112.1 115.5 68.6 1.0 29.12 3.1 139.3 0.54
SN08MH05 67.3 4.0 108.0 115.0 62.6 1.0 29.5 4.3 135.0 0.60 4.3
SN08MH11-1 93.0 5.6 68.7 62.2 32.8 0.9 27.26 5.5 83.4 0.65
SN08MH11-2 0.0 0.0 73.3 68.4 30.4 0.9 0.00 3.9 89.3 0.57
SN08MH11-3 -98.3 -5.9 67.2 52.8 29.5 0.8 -23.55 3.6 79.6 0.56
SN08MH11 93.0 5.6 68.7 62.2 32.8 0.9 27.3 5.5 83.4 0.65 -
SN08AR04-1 63.6 3.8 30.9 66.6 79.5 2.2 10.95 8.3 46.6 0.67
SN08AR04-2 62.2 3.7 29.1 58.5 77.4 2.0 9.11 5.5 42.8 0.62
SN08AR04-3 58.3 3.5 32.3 62.8 94.6 1.9 7.99 2.5 47.1 0.53
SN08AR04 61.3 3.7 30.8 62.7 83.8 2.0 9.3 5.4 45.5 0.61 2.8
SN08AR06-1 62.2 1.1 25.6 40.9 66.2 1.6 7.89 4.6 35.2 0.66
SN08AR06-2 62.8 0.8 35.4 64.1 64.8 1.8 10.07 3.8 50.5 0.58
SN08AR06-3 47.5 2.8 9.3 15.5 15.5 1.7 2.43 11.4 12.9 0.72
SN08AR06 57.5 1.6 23.4 40.2 48.8 1.7 6.8 6.6 32.9 0.65 8.7
SN08AR11-1 87.5 5.3 23.6 25.7 45.1 1.1 8.33 2.6 29.6 0.59
SN08AR11-2 84.2 5.1 33.3 28.6 47.6 0.9 9.73 2.0 40.0 0.53
SN08AR11-3 88.1 5.3 29.5 20.7 38.0 0.7 8.46 1.7 34.3 0.51
SN08AR11 86.6 5.2 28.8 25.0 43.6 0.9 8.8 2.1 34.7 0.54 2.1
SN08RM01-1 54.4 3.3 49.5 47.3 23.6 1.0 9.80 2.1 60.6 0.55
SN08RM01-2 53.4 3.2 64.0 58.6 14.6 0.9 11.35 1.5 77.8 0.50
SN08RM01-3 69.9 4.2 62.0 56.6 30.4 0.9 12.79 1.4 75.3 0.45




Sample Age [Ma] ± [Ma] U [ppm] Th [ppm] Sm [ppm] Th/U He [nmo/g] mass [mg] eU Ft stddev
SN08RM10-1 9.5 0.6 143.2 192.2 50.0 1.3 5.89 4.0 188.3 0.61
SN08RM10-2 65.6 3.9 23.2 34.5 72.6 1.5 6.03 2.5 31.3 0.53
SN08RM10-3 64.3 3.9 33.5 63.1 97.8 1.9 7.45 1.3 48.3 0.44
SN08RM10 65.0 3.9 28.4 48.8 85.2 1.7 6.7 1.9 39.8 0.48 0.9
SN08RM04-1 73.3 4.4 38.5 59.9 67.4 1.6 13.76 6.6 52.6 0.65
SN08RM04-2 59.8 3.6 37.7 54.9 61.6 1.5 10.56 6.1 50.6 0.64
SN08RM04-3 70.1 4.2 39.6 60.2 55.8 1.5 12.25 5.0 53.8 0.60
SN08RM04 67.7 4.1 38.6 58.3 61.6 1.5 12.2 5.9 52.3 0.63 7.1
SN08MD02-1 104.9 6.3 81.7 94.1 39.6 1.2 36.24 4.3 103.8 0.61
SN08MD02-2 105.3 6.3 78.1 78.5 37.3 1.0 31.16 2.7 96.5 0.56
SN08MD02-3 98.8 5.9 65.5 75.5 34.0 1.2 23.66 2.2 83.3 0.53
SN08MD02 103.0 6.2 75.1 82.7 37.0 1.1 30.4 3.1 94.5 0.57 3.7
06EW03-1 7.1 0.4 16.0 33.5 11.1 2.1 0.70 21.4 23.8 0.76
06EW03-2 7.9 0.5 16.4 34.9 9.8 2.1 0.75 16.1 24.6 0.71
06EW03-3 8.5 0.5 18.6 41.5 12.3 2.2 0.94 17.4 28.4 0.72
06EW03 7.9 0.5 17.0 36.6 11.1 11.1 2.15 0.8 25.6 0.73 0.7
06EW04-1 9.2 0.1 17.1 38.5 14.7 2.3 1.03 31.8 26.1 0.79 9.30
06EW04-2 10.5 0.1 18.8 41.0 12.4 2.2 1.19 21.0 28.4 0.74
06EW04-3 8.2 0.0 16.1 34.4 9.4 2.1 0.77 14.5 24.2 0.72
06EW04 9.3 0.1 17.3 37.9 12.2 12.2 2.19 1.0 26.2 0.75 1.1
06EW05-1 11.4 0.7 19.5 40.9 13.8 2.1 1.40 21.1 29.1 0.78
06EW05-2 10.1 0.6 18.6 36.0 13.2 1.9 1.08 15.0 27.0 0.73
06EW05-3 9.8 0.6 18.2 38.5 10.6 2.1 0.97 12.7 27.3 0.67
06EW05 10.4 0.6 18.8 38.5 12.5 12.5 2.05 1.2 27.8 0.73 0.8
06EW08-1 63.5 3.8 17.4 36.3 10.9 2.1 6.77 22.7 25.9 0.76
06EW08-2 60.3 3.6 19.9 44.0 12.8 2.2 6.85 12.1 30.2 0.69
06EW08-3 57.5 3.4 18.5 40.4 12.9 2.2 5.78 10.7 28.0 0.66
06EW08 60.4 3.6 18.6 40.3 12.2 12.2 2.17 6.5 28.0 0.70 3.0
06EW09-1 70.7 1.6 20.5 44.5 12.8 2.2 8.95 20.6 30.9 0.75
06EW09-2 79.1 1.4 20.1 41.8 12.5 2.1 9.37 17.0 29.9 0.73
06EW09-3 70.5 1.1 19.9 40.9 9.8 2.1 7.96 16.7 29.5 0.70
06EW09 73.4 1.4 20.2 42.4 11.7 11.7 2.10 8.8 30.1 0.73 4.9
06EW11-1 66.8 3.2 59.8 50.0 23.3 0.8 19.90 21.5 71.6 0.77
06EW11-2 68.7 2.3 59.6 56.5 28.1 0.9 19.76 13.5 72.8 0.73
06EW11-3 69.8 1.8 75.5 59.5 25.5 0.8 22.96 10.2 89.5 0.68
06EW11 68.4 2.4 65.0 55.3 25.6 25.6 0.86 20.9 78.0 0.72 1.5
06EW15-1 65.7 3.9 51.0 32.3 26.3 0.6 16.49 21.7 58.5 0.79
06EW15-2 59.5 3.6 68.2 58.7 36.3 0.9 19.21 14.2 82.0 0.72
06EW15-3 60.0 3.6 53.2 52.7 32.6 1.0 14.77 9.7 65.6 0.69
06EW15 61.7 3.7 57.5 47.9 31.7 31.7 0.83 16.8 68.7 0.73 3.4
06EW21-1 62.1 3.7 32.5 32.2 9.5 1.0 10.72 9.7 40.1 0.79
06EW21-2 63.4 3.8 43.9 68.2 38.1 1.6 14.04 9.1 59.9 0.68
06EW21-3 59.0 3.5 31.2 57.1 24.2 1.8 9.39 7.3 44.6 0.66





Sample Age [Ma] ± [Ma] U [ppm] Th [ppm] Sm [ppm] Th/U He [nmo/g] mass [mg] eU Ft stddev
06EW22-1 63.4 1.4 35.3 64.4 14.6 1.8 12.36 14.3 50.4 0.71
06EW22-2 81.2 1.4 28.1 45.4 10.3 1.6 12.25 11.9 38.8 0.71
06EW22-3 63.9 1.1 36.0 61.9 13.5 1.7 11.94 12.3 50.5 0.68
06EW22 69.5 1.3 33.1 57.2 12.8 12.8 1.72 12.2 46.6 0.70 10.2
06EW24-1 62.4 3.7 32.4 32.7 7.1 1.0 10.26 12.2 40.1 0.76
06EW24-2 66.7 4.0 43.7 72.6 15.9 1.7 15.42 11.2 60.8 0.70
06EW24-3 61.1 3.7 75.5 114.1 31.3 1.5 22.93 7.4 102.3 0.68
06EW24 63.4 3.8 50.5 73.1 18.1 18.1 1.39 16.2 67.7 0.71 2.9
06EW26-1 68.0 1.7 31.9 47.2 10.3 1.5 12.32 18.4 43.0 0.78
06EW26-2 66.2 1.2 38.7 61.9 12.5 1.6 13.32 10.8 53.2 0.70
06EW26-3 62.0 0.8 41.6 57.3 8.6 1.4 12.36 7.9 55.1 0.67
06EW26 65.4 1.2 37.4 55.5 10.5 10.5 1.49 12.7 50.4 0.71 3.1
06EW27-1 470.1 28.2 4.6 8.0 14.7 1.7 12.53 15.4 6.4 0.73
06EW27-2 208.3 12.5 45.6 63.4 18.4 1.4 49.19 8.9 60.5 0.71
06EW27-3 64.8 3.9 50.7 63.8 12.4 1.3 15.36 9.6 65.7 0.67
06EW27 64.8 3.9 50.7 63.8 12.4 1.3 15.4 9.6 65.7 0.67 -
06EW29-1 63.4 3.8 60.6 66.9 18.1 1.1 19.24 15.0 76.3 0.73
06EW29-2 68.2 4.1 46.5 59.5 17.7 1.3 15.71 11.6 60.5 0.70
06EW29-3 65.5 3.9 68.6 87.7 26.5 1.3 21.28 10.8 89.2 0.67
06EW29 65.7 3.9 58.6 71.4 20.8 20.8 1.22 18.7 75.3 0.70 2.4
06EW30-1 67.1 4.0 53.5 84.7 16.4 1.6 19.54 16.0 73.4 0.73
06EW30-2 66.6 4.0 54.4 91.2 19.1 1.7 19.25 12.4 75.8 0.70
06EW30-3 60.8 3.7 48.6 75.0 29.6 1.5 14.74 11.4 66.2 0.67
06EW30 64.9 3.9 52.2 83.6 21.7 21.7 1.60 17.8 71.8 0.70 3.5
06EW31-1 68.6 4.1 18.5 41.0 16.3 2.2 8.03 23.5 28.2 0.76
06EW31-2 61.8 3.7 17.6 37.7 13.5 2.1 6.39 15.0 26.5 0.72
06EW31-3 51.1 3.1 35.3 49.1 16.4 1.4 8.74 11.6 46.8 0.67
06EW31 60.5 3.6 23.8 42.6 15.4 15.4 1.91 7.7 33.8 0.72 8.9
06EW32-1 0.0 0.0 22.7 45.8 15.5 2.0 0.00 35.2 33.5 0.78
06EW32-2 10.4 0.6 21.6 45.1 15.1 2.1 1.39 22.5 32.2 0.76
06EW32-3 7.9 0.5 22.6 45.4 12.4 2.0 1.03 15.9 33.2 0.73
06EW32-4 7.2 0.4 15.2 32.0 8.3 2.1 0.64 15.9 22.7 0.73
06EW32 8.5 0.5 19.8 40.9 11.9 11.9 2.07 1.0 29.4 0.74 1.7
06EW35-1 67.3 4.0 67.6 137.7 58.0 2.0 26.90 10.3 99.9 0.73
06EW35-2 71.8 4.3 64.4 137.6 55.3 2.1 26.21 12.6 96.7 0.69
06EW35-3 64.1 3.8 51.8 102.4 35.8 2.0 17.84 10.5 75.8 0.67
06EW35 67.7 4.1 61.2 125.9 49.7 49.7 2.05 23.6 90.8 0.70 3.8
06EW38-1 13.5 0.8 17.5 39.6 10.3 2.3 1.60 42.3 26.8 0.81
06EW38-2 13.6 0.8 24.8 53.8 10.5 2.2 2.05 23.4 37.4 0.74
06EW38-3 13.3 0.8 19.6 40.6 7.6 2.1 1.48 19.4 29.2 0.71
06EW38 13.4 0.8 20.6 44.7 9.5 9.5 2.17 1.7 31.1 0.75 0.2
06EW39-1 7.2 0.4 20.0 45.9 8.4 2.3 0.92 19.8 30.8 0.77
06EW39-2 6.4 0.4 18.5 44.3 8.7 2.4 0.72 14.1 29.0 0.72
06EW39-3 5.3 0.3 5.0 11.4 2.1 2.3 0.18 32.4 7.7 0.80
06EW39 6.3 0.4 14.5 33.9 6.4 2.3 0.6 22.1 22.5 0.76 0.9
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Supplemental Table SP1.3. Zircon (U-Th)/He data 
Individual analyses consisted of multiple grain aliquots; typically 1 zircon grain each.  Age error for 
individual analyses is 8%.  Samples that fail to completely degas after three laser heat steps are considered 





Sample Age [Ma] ± [Ma] U [ppm] Th [ppm] Th/U He [nmo/g] mass [mg] eU Ft stddev
zSN08DW01-1 84.2 6.73 392.9 137.4 0.35 165.9 23.16 425.22 0.85
zSN08DW01-2 88.9 7.11 382.9 123.7 0.32 164.7 13.78 412.00 0.83
zSN08DW01-3 81.6 6.53 591.6 235.1 0.40 235.9 14.07 646.88 0.82
ZSN08DW01 84.9 6.8 455.8 165.4 0.4 188.8 17.0 494.70 0.84 3.7
zSN08MD01-1 53.7 4.29 951.6 232.9 0.24 232.0 8.90 1006.32 0.79
zSN08MD01-2 95.8 7.66 718.5 154.0 0.21 300.6 6.32 754.72 0.77
zSN08MD01-3 96.0 7.68 171.8 42.7 0.25 76.6 9.29 181.83 0.81
ZSN08MD01 95.9 7.7 445.2 98.4 0.2 188.6 7.8 468.28 0.79 0.2
zSN08MD07-1 101.7 8.14 205.1 51.3 0.25 102.3 26.81 217.20 0.85
zSN08MD07-2 90.5 7.24 616.2 136.2 0.22 265.3 15.60 648.24 0.83
zSN08MD07-3 93.5 7.48 627.5 180.7 0.29 280.0 14.27 670.00 0.82
ZSN08MD07 95.2 7.6 483.0 122.7 0.3 215.8 18.9 511.81 0.84 5.8
zSN08MD10-1 78.7 6.30 46.5 36.3 0.78 19.0 10.87 55.08 0.81
zSN08MD10-2 102.7 8.21 326.5 161.5 0.49 159.4 8.72 364.48 0.78
zSN08MD10-3 87.1 6.97 396.1 147.2 0.37 173.4 23.03 430.75 0.85
ZSN08MD10 89.5 7.2 256.4 115.0 0.5 117.3 14.2 283.43 0.82 12.1
zSN08RM01-1 84.2 6.74 708.0 312.3 0.44 286.2 9.20 781.42 0.80
zSN08RM01-2 83.6 6.69 611.2 186.1 0.30 240.8 11.31 654.89 0.81
zSN08RM01-3 72.7 5.82 832.6 304.7 0.37 284.0 9.31 904.22 0.80
ZSN08RM01 80.2 6.4 717.3 267.7 0.4 270.32 9.9 780.18 0.80 6.5
zSN08RM10-3 80.6 6.45 518.7 238.9 0.46 202.1 12.43 574.85 0.80
ZSN08RM10 80.6 6.5 518.7 238.9 0.5 202.1 12.4 574.85 0.80 -
Z06EW03-1 77.0 6.2 684.3 241.7 0.4 243.69 10.1 741.08 0.79
Z06EW03-2 69.8 5.6 947.7 284.8 0.3 276.90 3.6 1014.58 0.72
Z06EW03-3 73.5 5.9 771.5 263.1 0.3 243.58 4.3 833.30 0.73
Z06EW03 73.5 5.9 801.1 263.2 0.3 254.72 6.0 862.99 0.75 3.6
Z06EW04-2 75.1 6.0 748.8 278.1 0.4 237.12 3.6 814.14 0.72
Z06EW04-3 84.0 6.7 739.5 359.4 0.5 265.78 3.0 823.91 0.71
Z06EW04 79.5 6.4 744.1 318.8 0.4 251.45 3.3 819.02 0.71 6.3
Z06EW05-1 76.2 6.1 524.6 184.5 0.4 184.84 10.2 567.98 0.79
Z06EW05-2 77.5 6.2 511.1 175.7 0.3 187.30 13.9 552.35 0.81
Z06EW05-3 57.1 4.6 404.5 137.5 0.3 107.25 10.0 436.79 0.80
Z06EW05 70.3 5.6 480.0 165.9 0.3 159.80 11.4 519.04 0.80 11.5
Z06EW06-1 58.9 4.7 1197.3 309.3 0.3 311.30 5.4 1270.00 0.77
Z06EW06-2 71.3 5.7 718.5 230.0 0.3 232.55 6.9 772.51 0.78
Z06EW06-3 64.4 5.2 725.5 219.7 0.3 213.87 6.7 777.18 0.79
Z06EW06 64.9 5.2 880.4 253.0 0.3 252.57 6.3 939.90 0.78 6.2
Z06EW08-1 55.9 4.5 863.3 289.9 0.3 217.33 6.0 931.48 0.77
Z06EW08-2 75.4 6.0 662.5 302.1 0.5 230.51 5.9 733.48 0.77
Z06EW08-3 80.4 6.4 767.5 314.4 0.4 268.51 3.7 841.43 0.73






Sample Age [Ma] ± [Ma] U [ppm] Th [ppm] Th/U He [nmo/g] mass [mg] eU Ft stddev
Z06EW09-1 68.9 5.5 525.9 235.5 0.4 171.59 9.9 581.22 0.79
Z06EW09-2 72.2 5.8 743.3 360.6 0.5 249.05 6.7 828.02 0.77
Z06EW09-3 63.3 5.1 1059.9 615.2 0.6 322.89 7.3 1204.44 0.78
Z06EW09 70.6 5.6 634.6 298.0 0.5 210.3 8.3 704.62 0.78 2.4
Z06EW11-1 62.8 5.0 387.0 68.2 0.2 110.97 9.4 403.08 0.81
Z06EW11-2 74.2 5.9 264.3 81.7 0.3 91.11 8.8 283.50 0.80
Z06EW11-3 67.5 5.4 594.5 169.5 0.3 180.36 6.5 634.37 0.78
Z06EW11 68.2 5.5 415.3 106.5 0.3 127.48 8.2 440.32 0.80 5.7
Z06EW13-1 64.1 5.1 675.9 194.9 0.3 185.45 4.7 721.67 0.74
Z06EW13-2 72.3 5.8 382.3 125.1 0.3 128.65 9.0 411.71 0.80
Z06EW13-3 77.0 6.2 338.9 162.9 0.5 121.62 6.4 377.13 0.77
Z06EW13 71.2 5.7 465.7 160.9 0.4 145.24 6.7 503.50 0.77 6.5
Z06EW15-1 57.0 4.6 418.0 82.5 0.2 111.60 14.7 437.42 0.83
Z06EW15-2 65.0 5.2 312.6 84.1 0.3 98.08 17.8 332.42 0.84
Z06EW15 61.0 4.9 365.3 83.3 0.2 104.84 16.2 384.92 0.83 5.7
Z06EW21-1 89.6 7.2 454.8 171.9 0.4 171.63 3.6 495.21 0.71
Z06EW21-2 71.2 5.7 861.0 288.8 0.3 251.57 2.7 928.89 0.70
Z06EW21-3 78.1 6.2 584.6 185.1 0.3 185.64 4.0 628.13 0.70
Z06EW21 79.6 6.4 633.5 215.2 0.3 202.95 3.4 684.07 0.71 9.3
Z06EW22-1 80.0 6.4 241.9 123.4 0.5 91.60 7.4 270.92 0.78
Z06EW22-2 74.0 5.9 130.1 70.0 0.5 46.87 8.2 146.53 0.80
Z06EW22-3 67.8 5.4 289.4 90.0 0.3 96.22 19.9 310.51 0.84
Z06EW22 73.9 5.9 220.5 94.5 0.5 78.23 11.8 242.65 0.81 6.1
Z06EW23-1 62.4 5.0 891.6 373.8 0.4 252.82 6.4 979.49 0.76
Z06EW23-2 67.3 5.4 652.3 173.6 0.3 209.07 17.8 693.05 0.83
Z06EW23 64.8 5.2 771.9 273.7 0.3 230.94 12.1 836.27 0.80 3.5
Z06EW24-1 75.6 6.0 275.7 108.2 0.4 96.53 7.1 301.16 0.78
Z06EW24-2 58.7 4.7 514.2 226.0 0.4 144.68 11.3 567.34 0.80
Z06EW24-3 67.8 5.4 489.3 237.4 0.5 153.63 6.2 545.11 0.77
Z06EW24 67.3 5.4 426.4 190.5 0.4 131.61 8.2 471.20 0.78 8.5
Z06EW26-1 77.6 6.2 435.8 148.3 0.3 152.32 6.0 470.64 0.77
Z06EW26-2 96.5 7.7 447.6 408.6 0.9 218.67 6.1 543.61 0.77
Z06EW26 87.0 7.0 441.7 278.5 0.6 185.50 6.0 507.12 0.77 13.3
Z06EW27-1 79.6 6.4 389.1 205.2 0.5 150.06 9.2 437.32 0.80
Z06EW27-2 72.3 5.8 548.7 267.0 0.5 186.37 7.0 611.41 0.78
Z06EW27-3 55.0 4.4 485.6 327.3 0.7 128.80 7.9 562.48 0.77
Z06EW27 69.0 5.5 474.4 266.5 0.6 155.08 8.0 537.07 0.78 12.7
Z06EW29-1 69.8 5.6 353.5 110.8 0.3 115.90 10.1 379.56 0.81
Z06EW29-2 64.0 5.1 416.9 134.6 0.3 127.80 15.0 448.56 0.82
Z06EW29-3 65.2 5.2 618.0 161.2 0.3 187.53 10.3 655.88 0.81





Sample Age [Ma] ± [Ma] U [ppm] Th [ppm] Th/U He [nmo/g] mass [mg] eU Ft stddev
Z06EW30-1 78.9 6.3 323.0 126.7 0.4 120.37 9.5 352.81 0.80
Z06EW30-2* 33.4 2.7 622.6 257.1 0.4 99.30 10.4 683.03 0.81
Z06EW30-3 69.8 5.6 293.0 88.9 0.3 89.96 6.4 313.88 0.76
Z06EW30 74.3 5.9 308.0 107.8 0.3 105.17 8.0 333.34 0.78 6.5
Z06EW31-1 63.8 5.1 320.4 122.1 0.4 101.74 29.4 349.08 0.84
Z06EW31-2 66.8 5.3 559.0 232.9 0.4 177.95 11.2 613.70 0.80
Z06EW31-3 66.0 5.3 809.1 200.6 0.2 240.48 9.5 856.20 0.79
Z06EW31 65.6 5.2 562.8 185.2 0.3 173.39 16.7 606.32 0.81 1.5
Z06EW32-1 74.5 6.0 531.3 235.4 0.4 195.42 14.0 586.59 0.83
Z06EW32-2 71.6 5.7 693.0 331.3 0.5 239.25 10.0 770.88 0.80
Z06EW32-3 71.1 5.7 777.2 282.1 0.4 256.50 8.3 843.52 0.79
Z06EW32 72.4 5.8 667.2 282.9 0.4 230.39 10.8 733.66 0.81 1.8
Z06EW35-1 84.7 6.8 70.4 43.5 0.6 29.56 13.4 80.57 0.80
Z06EW35-2 83.7 6.7 90.3 51.8 0.6 38.26 20.2 102.42 0.82
Z06EW35-3 89.7 7.2 93.2 54.3 0.6 39.80 10.4 105.92 0.77
Z06EW35 86.0 6.9 84.6 49.8 0.6 35.87 14.7 96.31 0.80 3.2
Z06EW38-1 69.8 5.6 1132.5 300.9 0.3 338.29 4.1 1203.17 0.74
Z06EW38-2 79.4 6.3 808.3 270.6 0.3 279.52 3.8 871.91 0.75
Z06EW38-3 77.0 6.2 563.1 184.8 0.3 191.58 5.0 606.50 0.76
Z06EW38 75.4 6.0 834.6 252.1 0.3 269.80 4.3 893.86 0.75 5.0
Z06EW39-1 76.6 6.1 456.6 176.1 0.4 160.51 8.5 497.93 0.78
Z06EW39-2 62.3 5.0 648.5 236.2 0.4 193.89 13.6 704.05 0.82
Z06EW39-3 64.9 5.2 853.5 335.9 0.4 256.37 7.2 932.44 0.78
























Emplacement to Exhumation: Cooling trends in magmatic rocks of the Sierra 
Nevada Range, California. 
 
Abstract 
This study investigates cooling histories of batholithic rock of the central Sierra 
Nevada.  We present new biotite and hornblende 40Ar/39Ar and zircon U-Pb age data to 
understand the emplacement and higher temperature history of the samples and combine 
this with apatite and zircon (U-Th)/He ages to provide thermochronometric data ranging 
from ~800°C (closure of zircon U/Pb) to ~70°C (closure of apatite (U-Th)/He) from 
singular rock samples.   New thermochronometric data are presented for 29 samples, of 
which 25 samples yielded 4 or more thermochronometric ages and are utilized to 
generate time/Temperature graphs which are validated by thermal modeling of 4 selected 
samples by the software package HeFTy.  This dataset provides the largest and most 
concentrated wide-temperature thermochronometric analysis of the central Sierra Nevada 
batholithic rocks.  The rocks studied span early Jurassic to the early Cenozoic time, but 
the majority are Cretaceous in age. We identify a ubiquitous 2-stage cooling pattern, 
reproducible in most cooling histories, that is divided by a distinct change in cooling rates 
observed between the closure of biotite Ar/Ar (~325°C) and zircon (U-Th)/He (~170°C). 
The initial cooling stage yields a mean rate of 58°C/Ma from about ~800°C to ~325°C 
over a typical span of 8.2Ma.  The second stage appears to be much slower with cooling 
rate averaging 6.8°C/Ma from ~325°C to ~70°C over a span of 37.5Ma.  The first 
cooling episode follows emplacement whereas the second stage is late Cretaceous to 
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early Tertiary age in all rocks. We attribute this pattern of cooling in two distinct phases 
to: (1) post-emplacement conductive cooling of the magmatic rocks followed by (2) 
cooling dominated by erosional unroofing. The results also indicate that late cooling 
remain relatively low through the early Cenozoic and increase towards the late Cenozoic.  
Such an increase in cooling rates correlate with the late Cretaceous magmatic flare-up 
and is a possible result of increased erosion from crustal thickening from magmatic input 
and/or uplift and subsequent erosion due to the post-flare-up loss of restitic root material.    
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Introduction 
There has been debate over the timing and mechanics of uplift of the Sierra 
Nevada Range (SNR) to its current elevation for well over a century (references below). 
The earliest studies of the SNR disagreed on the driving forces between incision and 
valley formation.  J.D. Whitney (1880, 1882) postulated that uplift was driven by 
climate-controlled mechanisms such as glaciation while J. LeConte (1880, 1886) argued 
for a regional tilting and uplift of the SNR, thus leading to regional erosion of the SNR.  
Subsequent studies largely supported and advanced the hypothesis of regional tilting and 
uplift (Lindgren, 1911; Matthes, 1930; Christensen, 1966; Huber, 1981). As the early 
models of SNR uplift developed, a secondary debate emerged: What lower crustal or 
mantle process was associated with uplift?  Progressive uplift of an isostatically 
supported SNR would require progressive thickening of a relatively buoyant crust as 
proposed by Lawson (1936). Lawson (1936) proposed lower crustal thrusting to produce 
progressive crustal thickening and support for the uplift of the SNR.  Contemporaneously 
with Lawson’s proposal, early observations were outlined regarding the significant 
dextral-component extensional corridor known as the Walker Lane (Gianella and 
Callaghan, 1934; Locke et al., 1940) that could play a role in the more recent tilting and 
(relative?) uplift of the SNR. Early geophysical observations renewed debate on the uplift 
timing of the SNR.  Some argued for the presence of a thick crust of greater than 60km 
(Oliver et al. 1961; Eaton, 1963; 1966; Bateman and Eaton, 1967), whose makeup was 
largely Mesozoic in age (Bateman and Wahrhaftig, 1966) while others proposed that the 
uplifted nature of the SNR was supported by dynamic forces within a hot and buoyant 
upper mantle (Carder et al., 1970; Carder, 1973; Crough and Thompson, 1977; and 
Mavko and Thompson, 1983; Jones 1987).  More recent studies of geophysical data 
would ultimately demonstrate that the crust of the SNR is less than 40km in thickness and 
not thick enough to support the uplifted SNR by static Airy isostacy (Jones et al., 1994; 
Fliender and Ruppert, 1996; Fliendner et al., 1996; Jones and Phinney, 1998) indicating 
 50 
that some mantle-driven source of buoyancy was probable.  Studies of xenoliths 
contained within late Cenozoic volcanics demonstrated a fundamental shift in 
geochemistry between 8 and 3.5Ma that likely signaled the loss of dense crustal residuum 
(Ducea and Saleeby, 1996; 1998).   Furthermore, modern geophysical conditions 
indicated an incompatibility with the lower crustal conditions indicated by xenoliths 
between 8 and 12 Ma in age (Manley et al., 2000; Farmer et al., 2002), thus indicating the 
recent removal of a crustal root.  The subsequent increase in buoyancy would explain the 
high-standing condition of the SNR observed today (Wernicke et al., 1996).  Further 
studies of incision rates indicate that an increase in erosion rates correspond in space and 
time with the post-10Ma uplift of the SNR as a result of the loss of a crustal residuum 
(Wakabayashi and Sawyer, 2001; Stock et al., 2004).  Hence it seems that the high 
elevation of the SNR is a relatively recent phenomenon. 
At the same time, there is a growing body of evidence for much earlier uplift and 
significant erosion of the SNR that would have to correspond to creation of at least 
moderate elevation and significant topographic relief of the range.  Cooling data observed 
in (U-Th)/He indicate a much earlier phase of uplift of the SNR.  House et al. (1998; 
2001) present a strong argument for regional and rapid erosion of the SNR in the late 
Cretaceous.  Additional thermochronometric studies are consistent with these findings 
(Cecil et al., 2006; Cassel et al., 2009; this study, Chapter 1).  Investigations of stable 
isotope patterns have largely yielded supporting results, indicating that the SNR was an 
uplifted topographic barrier to the continental interior throughout the early Cenozoic 
(Poage and Chamerlain, 2002; Mulch et al., 2006; Crowley et al., 2008; Henry, 2009; 
Cassel et al., 2009; Molnar, 2010).  Paleobotanical studies also show high elevation 
ecosystems in the early Cenozoic (Wolfe et al., 1997; 1998) as do the deposition of gold-
bearing, high-energy fluvial deposits that occur in the western slopes of the SNR (Garside 
et al., 2005, Cassel et al., 2012).   
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The seemingly incompatible patterns of early vs. late uplift have been the source 
of much debate in that the dynamic and recent processes that are posited to support the 
range today are at odds with a thickened, buoyant crustal section uplifting the SNR in the 
late Cretaceous and early Cenozoic.   However, recent studies have started to detail 
thermochronometric and geomorphologic evidence for multiple uplift episodes of the 
SNR (Small and Anderson, 1995; Wernicke et al., 1996; Clark et al., 2005; McPhillips 
and Brandon, 2012; Blythe and Longinotti, 2013).  Furthermore, DeCelles and coworkers 
(Decelles et al., 2009, Decelles et al., 2015, Decelles and Grahm, 2015) have proposed a 
cyclical process in Cordilleran systems that explains the observation of magmatic flare-
up events and has implications for the loss of lower crustal roots.  They further speculate 
that such a system may lead to cyclical uplift of Cordilleran systems on the time period of 
roughly 20Ma.  Such a mechanism could help explain the existence of robust datasets 
that indicate uplift of the SNR in the late Cretaceous and in the late Cenozoic.  This study 
documents cooling dates and rates for part of the SNR from the time of pluton 
emplacement to recent.  These cooling trends, in turn, help evaluate the uplift history of 
the range and the viability of cyclical uplift models.  
Rock samples utilized in this study were collected as part of a regional sample-set 
from surface bedrock localities covering the extent of the central Sierra Nevada (Figure 
2.1).  Samples were collected from a variety of geographic features, including the base of 
major trunk stream canyons, drainage divides, interfluve divides, and a host of locations 
in between.  Samples were collected at elevations ranging from 204 meters to 3056 
meters.  New data presented here includes 40Ar/39Ar analysis of biotite and hornblende, 
and U/Pb analysis of zircon via the SHRIMP method.  Results also incorporate the data 
obtained from apatite and zircon (U-Th)/He analysis which are presented in Chapter 1 of 
this study. 
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Methods and Results 
Analytical Techniques  
The (U/Th)/He data utilized in this study was presented in Chapter 1 of this study, 
and detailed description of the analysis methodology is presented there.  Most of the 
samples presented in Chapter 1 were also analyzed for biotite and amphibole 40Ar/39Ar 
ages and zircon U/Pb ages. Table 2.1 includes the new age data for these samples. 
We produced 40Ar/39Ar ages by step heating on a subset of 30 samples listed in 
Table 2.1.  When available, we obtained age spectra for both biotite and hornblende.  
Mineral separates were produced by crushing hand samples with a jaw crusher, 
pulverizing with a disk mill, followed by density separation using a Diamond brand water 
shaking table. The denser fractions were then isolated under a stereomicroscope and 
biotite and hornblende were hand picked for analysis.  We selected only grains we 
considered to be unaltered and visibly representative of the population.  Typical grain 
sizes ranged from 0.2 - 2 mm in diameter.  Samples were irradiated in the central thimble 
position of the USGS TRIGA reactor (Dalrymple et al., 1981) while being rotated at 
1rpm.  Isotopic production ratios were determined from co-irradiation of zero-aged K-
glass and salts of KCl and CaF2. Cadmium shielding was used during irradiation and 
prevented the production of measurable (40Ar/39Ar)K.  Sanidine crystals of the Fish 
Canyon Tuff were also co-irradiated to determine neutron flux, using assumed age of 
28.201 ± 0.046. Ma (Kuiper et al., 2008). Samples, standards and isotopic production 
monitors were loaded into numbered positions of a stainless steel planchette with an 
externally pumped ZnSe window and then pumped to ultrahigh vacuum conditions in a 
fully automated extraction system designed, built and operated at the USGS Argon 
Geochronology Laboratory in Denver, CO.  Grains were incrementally heated using a 
50watt CO2 laser. Gas was collected in an ultrahigh vacuum extraction line and purified 
using a cold trap and hot SAES GP50 getters.  The purified gas was then analyzed on 
either a MAP 215-50 mass spectrometer or a Thermo/Fischer Argus mass spectrometer.  
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On the MAP 215-50, isotopic ratios were determined via peak-jumping using an electron 
multiplier in analog mode.  Data were acquired during 10 measurement cycles.  Signals 
were fit with linear and/or polynomial regressions to determine time-zero intercepts.  On 
the Thermo/Fischer Argus, isotopic ratios were acquired via multicollection on 4 farday 
collectors (40Ar, 39Ar, 38Ar, 37Ar) and one electron multiplier (36Ar). All data were 
corrected for mass discrimination, blanks, radioactive decay and interfering nucleogenic 
reactions.  Data reduction and age determination was done using the Masspec computer 
program written by A. Deino of the Berkley Geochronology Center. 40Ar/39Ar plateau 
ages are preferred over integrated ages, when available.  Plateau ages are calculated if 
samples yield three or more consecutive heating steps that release >50% of the total 39Ar 
and that have statistically indistinguishable 40Ar/39Ar ages.  In this case, a weighted mean 
age was calculated.  Otherwise, the integrated age is reported as the preferred age. All 
40Ar/39Ar ages are reported in Table 2.1.  Analytical data, standard reporting and 
correction corrective factors are reported in supplemental data.  
 The processed rock samples were also further separated using bromoform, 
methylene iodide and a Frantz Magnetic separator to yield pure zircon separates.  For 
selected samples, the zircon separates were then inspected under a high power polarizing 
stereomicroscope in order to select grains that were morphologically intact, relatively free 
of inclusions, and of appropriate size (i.e. >75μm in diameter when possible).  Grains 
were individually selected, applied to double-sided tape and mounted in epoxy along with 
R33 as a standard (Black et al., 2004).  Grains were then ground to half-thickness using 
2500-grit sandpaper and polished using 6μm and 1μm diamond suspension polish. All 
mounts were then imaged using reflected and transmitted light using a petrographic 
microscope and integrated digital camera.  Using a scanning electron microscope, zircon 
mounts were imaged by cathodoluminescence (CL) to determine zoning and growth 
patterns within individual zircon grains. The zircon mounts were analyzed by sensitive 
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high-resolution ion microprobe-reverse geometry (SHRIMP-RG) at the USGS/Stanford 
Micro Analysis Center in Stanford, California.  Using the reflected light and CL imagery 
as a guide, spot locations were selected to avoid grain overgrowths and areas of 
problematic zonation in grain cores.  Shallow pits (typically 1 μm) of about 25 μm 
diameter, were excavated using a primary oxygen beam into the gold-coated, polished 
grain interiors.  Positively charged ions extracted during sputtering were accelerated into 
the reverse geometry mass spectrometer for measurement by electron multipliers at 
relevant positions.  Squid2 (Ludwig, 2009) was used to reduce the raw data into isotopic 
ratios for the calculation of U/Pb ages.  Ages were standardized against the R33 zircon 
standard (Black et al., 2004).  Age data is reported in Table 2.1; isotopic data are 
available in supplemental data. 
Analytical Results  
 Table 2.1 gives the 40Ar/39Ar age interpretations and Figure 2.2 contains the 
release spectra.  Supplemental data includes isotopic data tables and correction 
coefficients.   In all, 29 samples were analyzed for biotite 40Ar/39Ar ages and those ages 
ranged from 157.5 ±1 to 80.3 ± 0.3 Ma. Of the 29 samples analyzed, 20 yielded naturally 
occurring plateaus.  All but three of these samples contained amphibole, and one 
additional sample contained amphibole and not biotite.  In all, we obtained 27 amphibole 
40Ar/39Ar ages that ranged from 162.6 ± 1.2 to 84.0 ± 0.3 Ma.  Generally, amphibole age 
data yield larger errors than biotite due to the higher Ca content (interfering radiogenic 
36Ar) and lower radiogenic 40Ar content.  Of the 27 samples analyzed, 15 provided 
plateaus.   
As a first-order observation, 40Ar/39Ar release spectra support the interpretation of 
a simple, monotonic cooling history for most samples because most samples yielded 
relatively flat release spectra with overlapping age steps as grains are progressively 
degassed.  In all but one sample, amphibole 40Ar/39Ar ages are as old or older, within 
error, as the corresponding biotite 40Ar/39Ar age as would be expected in scenarios with 
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simple cooling histories.  The one exception, SN08EW39, yielded a biotite 40Ar/39Ar age 
of 85.3 ± 0.3 and an amphibole 40Ar/39Ar age of 84.0 ± 0.3.  Neither the biotite nor 
amphibole data yielded an age plateau.  Because several other samples yielded biotite 
ages near or within error of corresponding amphibole ages, we speculate that the ages are 
valid in the context of this study, but may have some unaccounted for small uncertainties 
as evidenced by the SN08EW39 sample. 
 We also present 20 new zircon U/Pb ages.  Table 2.1 outlines the age data, which 
ranges from 166.9 ± 3.1 Ma to 88.3 ± 1.5 Ma.  Supplemental data contains isotopic data 
and analytical results.  In all samples, observed zircon U/Pb ages were older than 
corresponding amphibole 40Ar/39Ar ages; the mean difference between the two age sets is 
3.1 Ma. Figure 2.3 shows the grain layout and analysis locations for 2 selected samples 
(SN08MD07 and SN08AR11).  Zircon grains were mounted in epoxy and imaged using 
transmitted light and CL.  The diameter of analysis locations was about 25um and was 
selected to avoid inclusion and complex zoning.  Overgrowths, when observed, were also 
avoided.  Typically, the grain cores were avoided to help eliminate complication of post-
emplacement ages through the analysis of possibly inherited grain cores or antecrysts.   
Cooling Patterns 
We consider two possible approaches, (1) thermal modeling and (2) generation of 
cooling paths by plotting age vs. closure temperature (TC) to establish cooling histories of 
the samples.  It has been demonstrated that closure temperature is a function of many 
parameters such as grain size (i.e. diffusion domain size), cooling rate, mineral chemistry 
and more (McDougall and Harrison, 1999; Reiners, 2005).  For this reason, the 
generation of cooling paths by plotting age vs. closure temperature could be problematic 
due to the variability in closure temperature.  We address whether this variability in 
closure temperature invalidates the use of simple time/closure temperature paths by 
comparing those results to models produced by the software package HeFTy (Ketchum, 
2005), which take the variable nature of TC into account. HeFTY uses an inverse 
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approach that utilizes Monte-Carlo simulation to generate random thermal histories 
within a set of user-defined constraints.  Each generated thermal history is then compared 
with the observed thermochronologic data.  Thermal histories that produce 
thermochonologic ages within error of the observed error are considered acceptable.  
Hefty does not provide direct input for 40Ar/39Ar ages or for U/Pb ages but utilizing the 
built-in options allows creation of a custom model with user-defined diffusion 
coefficients.  We did this to incorporate biotite and amphibole 40Ar/39Ar data.  U/Pb ages 
are assumed to reflect the timing of crystallization and emplacement, and are used as a 
high-temperature starting point for the modeling. Of the 45 samples considered in this 
study, 5 samples yielded each of the 5 different thermochronometric analyses, and four of 
these were selected for modeling. The sample that yielded 5 analysis but was not 
modeled was due to the fact that that sample experienced thermal resetting of the apatite 
(U-Th)/He system from overlying volcanics (as discussed in Chapter 1).   The selected 
samples for modeling also yielded age distributions that would indicate a variety of 
cooling rates and, and as a result, would provide a robust test for the validity of our 
simpler age vs. closure temperature cooling paths.   
For the cooling histories based upon age vs. TC, we used established closure 
temperatures for the dating systems of 70±10°C for apatite (U-Th)/He (Reiners, 2005), 
170±15°C for zircon (U-Th)/He (Reiners, 2005), 325±50°C for biotite Ar/Ar (McDougall 
and Harrison, 1999), 500±50°C for hornblende Ar/Ar (McDougall and Harrison, 1999), 
and 800±50°C for zircon U/Pb.   Figure 2.4 overlays the age vs. TC plots with results of 
the thermal modeling.   The modeled thermal histories are uniformly in close agreement 
with the age vs. TC plots. We interpret this to mean that the effect of variable cooling 
rates and grain size on TC are, at best, of secondary importance and that the simpler 
approach of generating age vs. TC plots is a reasonable way of interpreting cooling 
histories.  As a result, we generate cooling diagrams and cooling rates based upon the 
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observed ages and assigned TC for all samples presented in this study.  We suspect that 
this relatively simplistic approach works because of the simple, monotonic cooling 
history of the samples analyzed here; samples that undergo more complicated thermal 
histories, or those experiencing protracted time near closure temperatures, may require 
the more nuanced approach of thermal modeling to produce accurate thermal history 
reconstructions.   
Upon inspection of the cooling diagrams (age vs. TC plots), it became apparent 
that many samples shared similar cooling histories.  To better characterize the regional 
cooling trend, samples were grouped together based on geographical proximity and 
likeness of cooling histories.  Those 7 regions are shown in Figure 2.5.  Age vs. TC 
cooling paths are depicted in Figure 2.6 and arranged based on the groups shown in 
Figure 2.5.  Due to the similarity of cooling paths for each of the regions, a composite 
cooling path is constructed and is indicated by the grey swath in Figure 2.6.  To simplify 
the presentation of regional cooling trends, the composite cooling paths are assembled in 
Figure 2.7.  Also shown in Figure 2.7 are the mean cooling rates between each of the 




Deciphering the dominant mechanisms of cooling for magmatic systems can be 
difficult and complicated.  The crystallization of a magmatic body followed by its 
conductive cooling and erosional and/or structural unroofing control the 
thermochronometric systems that record the progress of emplacement to exposure.  
However, cooling that is related to unroofing can be difficult to extricate from conductive 
cooling.  The dataset presented here presents an opportunity to separate the magnitude 
and timing of conductive cooling and cooling related to unroofing.  Because there are no 
large-scale structures present in the SNR (Jones, 1987, Jennings et al., 2010) that can 
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account for significant structural unroofing (e.g., as in Stockli et al., 2003, Walker et al., 
2014, Gorynski et al., 2014, 2015, Bidgoli et al., 2015a, 2015b), any unroofing must 
related to erosion. 
Nadin and Saleeby (2008) produced and compiled multiple sources of Al-in-hbl 
data (Picket and Saleeby, 1993; Dixon, 1995; Ague, 1997; Nadin and Saleeby, 2008) into 
a dataset for the central and southern SNR.  Although no barometric data were collected 
in this study, the density of existing barometric data allows for the extrapolation of 
emplacement pressure values.  Figure 2.5 shows a color-contoured map based upon 
existing barometric data for the region of the central SNR as well as locations of the 
samples presented in this study.  Emplacement pressures vary between ~2 and 4 kbar for 
the samples utilized here but a majority of the samples concentrated in areas that 
correspond to emplacement pressures between 2.5 and 3.0 kbar.  Using a depth/pressure 
gradient between 3.5 and 4 kbar/km, is can be assumed that a majority of the samples in 
this study were emplaced at depth between ~9 and 12 km (consistent with many models 
for arc pluton emplacement, e.g., Richards, 2011, Ducea et al., 2015).  A steady-state 
geothermal gradient between 20° and 25°C/km (e.g., gradient appropriate following 
emplacement and initial cooling) would then correspond to temperatures between 175 
and 300°C and, thus, somewhere between the closure temperatures of argon in biotite and 
helium in zircon.   
Analysis of the data presented allow for the calculation of average cooling rates 
between the closure temperatures of each of the 5 thermochronometers utilized here using 
the following equation: 
𝐶 °𝐶 𝑚𝑦 =
𝑛(𝑇!! °𝐶 −   𝑇!! °𝐶 )
(𝐴!(𝑚𝑦)− 𝐴!(𝑚𝑦))!!
 
Where 𝐶 is the mean cooling rate, 𝑇!  is closure temperature, A is cooling age, 1 
refers to the higher temperature technique and 2 refers to the lower temperature technique 
(e.g. 1=zircon U/Pb, 2=hornblende Ar/Ar, or 1= hornblende Ar/Ar, 2=biotite Ar/Ar; etc).  
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The results are illustrated in Figure 2.7 and are as follows: (1) The mean cooling rate 
between zircon U/Pb and hornblende Ar/Ar is 67.6°C/Ma, (2) the mean cooling rate 
between hornblende Ar/Ar and biotite Ar/Ar is 46.0°C/Ma, (3) the mean cooling rate 
between biotite Ar/Ar and zircon (U-Th)/He is 9.6°C/Ma, and (4) the mean cooling rate 
between zircon (U-Th)/He and apatite (U-Th)/He is 7.8°C/Ma.  Samples SN08EW-03, -
04, -05 -32, -38, and -39 were excluded from the mean cooling rate calculations between 
zircon (U-Th)/He and apatite (U-Th)/He because of sample reheating and partial 
degassing from overlying volcanics well after the samples were initially cooled below the 
apatite (U-Th)/He closure temperature (for more, see Chapter 1).  Although little 
information has been published on post-emplacement cooling rates in plutonic rocks, the 
rates observed in this study agree with those observed in a few studies of cooling rates in 
arc environments.  For example, Sawada and Itaya (1993) reported a cooling rate of 80-
40°C/Ma of late Cretaceous granite near Lake Biwa, Japan and Yuhara and Kagami 
(1996) estimate a cooling rate of 19°C/Ma for the Inutagiri granite from the Ina district, 
Japan.   
Conductive Cooling vs. Erosion-Controlled Cooling 
Inspection of the cooling paths in Figures 2.6 and 2.7 shows that all regional 
trends exhibit a two-stage cooling path: an earlier period corresponding to initial cooling 
from higher temperatures (800-325°C) at higher cooling rates (57°C/Ma), and a second 
period corresponding to lower temperatures (325-70°C) and slower cooling rates 
(9°C/Ma).   Again, thermal modeling shown Figure 2.4 indicates to us that this break is 
justified in the data, and not simply a result of how we have plotted cooling trends or an 
artifact of simple cooling equation presented above.  We posit the different cooling rates 
represent a change from mostly conductive, post-emplacement cooling to that of cooling 
dominated by erosional unroofing.  As noted above, it is speculated that the depths of 
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emplacement, as indicated by Al-in-hbl barometry, places the samples at depths between 
9 km and 12 km and temperatures of 175 and 300°C.  This temperature range is between 
that between the closure temperatures of biotite Ar/Ar and zircon (U-Th)/He and 
precisely where a vast majority of cooling paths in this study show an inflection point and 
change of cooling rate from 57°C/Ma (800-325°C) to 9°C/Ma (325-70°C). Additionally, 
we observe that the time periods of rapid cooling are similar even though the rocks span 
an age range of almost 80 Ma.  The reproducibility of such a pattern seems to support the 
assumption that initial cooling is attributable to the thermal equilibration of emplaced 
magmatic bodies with relatively little variation in emplacement depth. The second, 
slower cooling we consider to be erosion related. Assuming a geothermal gradient 
between 20°C/km and 40°C/km, the latter corresponds to erosion rates between 0.4 and 
0.2 km/Ma  
If the inflection point present in a majority of the cooling paths is interpreted to 
represent the end of faster conductive cooling (following emplacement) and the start of 
slower erosional cooling, then a characteristic time span appears to indicate the time 
between emplacement and the end (of significant slowing) of conductive cooling.  This 
time span can be obtained by calculating the mean difference between zircon U/Pb ages 
and biotite Ar/Ar age and whose result is 8.2 ± 5.3 Ma. Roughly 10 Ma appears to be the 
characteristic period of post-emplacement cooling in the Sierra Nevada from the late 
Jurassic to the late Cretaceous. 
Changes in Erosion Controlled Cooling 
Sample group A (SN08MH11 and SN08AR11) and samples SN08EW35 and 
SN08MD01 represent a grouping of the oldest samples collected and analyzed in this 
study U/Pb that also gave 40Ar/39Ar biotite ages.  These older samples show cooling rates 
between the TC biotite 40Ar/39Ar (~325°C) apatite (U-Th)/He (~70°C) averaging about 
5°C/Ma.  In contrast, when all 29 samples that yielded biotite 40Ar/39Ar and apatite (U-
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Th)/He ages are considered, an average cooling rate between biotite Ar/Ar and apatite 
(U-Th)/He is 9°C/Ma.  Hence the older samples have somewhat slower cooling rates.  
We interpret this pattern to represent slower erosion rates from the late Jurrasic (earliest 
biotite 40Ar/39Ar closures) until the late Cretaceous (apatite (U-Th)/He closure of multiple 
samples). Although the strength of this interpretation would certainly benefit from the 
generation of cooling patterns from additional samples, this interpretation has 
implications for models of cyclical processes in subduction systems as proposed by 
Decelles et al. (2009), and specifically in the North American Cordillera (Decelles and 
Grahm, 2015).  In these models, magmatic high flux events are cyclical and followed by 
loss of a dense, restitic root, resulting in arc uplift because of subsequent increased 
buoyancy.  According to this model, isostatic-driven uplift following the late Cretaceous 
high flux event and restitic root removal corresponds with the increase in cooling rates 
observed in the late Cretaceous observed in this study.   
 
Conclusions 
This study provides important insights into the thermal evolution of the Sierra 
Nevada batholith between pluton emplacement and near surface exposure.  Previous 
research has outlined broad emplacement patterns associated with arc magmatism 
(Everden and Kistler, 1970; Chen and Moore, 1982; Bateman, 1988; Dickinson, 2004, 
2008 and references within; Cecil et al., 2012), and more recent research has shown that 
exhumation of the batholith has both old and young constituent histories (Small and 
Anderson, 1995; Wernicke et al., 1996; Clark et al., 2005; McPhillips and Brandon, 
2012; Blythe and Longinotti, 2013).  However, the techniques applied in this study 
allows us to illuminate the post-emplacement thermal equalization patterns as well as the 
timing and rate of exhumation after emplacement. The data presented here show that the 
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batholithic rocks of the Sierra Nevada cooled to about <325°C in a relatively short period 
of time after emplacement (8.8 ±	 5.3 Ma).  The <325°C temperature is consistent with 
available paleobarometry estimations for pluton emplacement at 2-4 kbar.  We interpret 
this to mean that the plutons probably cooled relatively quickly to an ambient geotherm 
of around 25°C/km at about 10 km depths.  
The data also show that after reaching about 300<170°C, the rocks then cooled at 
a rate between 5°C/Ma and 9°C/Ma until the closure of the apatite (U-Th)/He system at 
about 70°C. Additional thermochronometric studies from the area have previously 
established that the SNR underwent periods of rapid cooling in the late Cretaceous and 
that the rocks that make up the surface of the SNR today were eroded to depths low 
enough to result in closure of the apatite (U-Th)/He system (Dumitru, 1990; House et al. 
1997; Cecil et al., 2012; this dissertation, Chapter 1).  However, estimating these depths 
in the early Cenozoic is inherently problematic due to the difficulty in establishing robust 
constraint of a paleogeothermal gradient (Dumitru, 1990; Dumitru et al., 1991).   We can 
confidently speculate, however, that the initial thermal equilibration of magmatic rocks 
emplaced throughout the Cretaceous took place over a period typically less than 10 Ma 
and that unroofing of those batholithic rocks to the near surface took another 20-45 Ma.  
Furthermore, the more extensive study of zircon and apatite He-ages in Chapter 1 shows 
that all samples seem to experience increased cooling rates and therefore unroofing 
towards the end of the Cretaceous and correlate with proposed models for increased 
crustal buoyancy and thickening (Decelles, 2009; Decelles and Grahm, 2015; Ducea et 
al., 2015).   
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Chapter 2 Figure Captions 
 
Figure 2.1. Generalized geologic map of the central Sierra Nevada Range, showing 
sample locations for this study. Samples extend from the south fork of the American 
River drainage in the North to the Merced River drainage in the South.  All samples were 
collected from surface exposure of plutonic rocks of the Sierra Nevada batholithic 
complex. 
 
Figure 2.2. 40Ar/39Ar age spectra of samples from incremental heating experiments.  Each 
age spectrum plots the cumulative % 39Ar released per heating step versus the apparent 
age (Ma).  When naturally occurring plateaus occur, they are the preferred age.  Naturally 
occurring plateaus are defined by ≥3 contiguous heating steps comprising ≥50% of 
cumulative 39Ar released with ages overlapping at the 2σ level of uncertainty. Integrated 
ages are used for samples that fail to give a plateau. Three amphibole step heating 
experiments yielded erratic age spectra.  We suspect these results are due to alteration 
and/or incorporation of extraneous (i.e. non-atmospheric) argon.  For these three samples, 
inverse isochron plots (generated in MassSpec) were utilized to establish ages and are 
included in figure 2.2.  In all three samples, 40Ar/36Ar intercepts imply non-atmospheric 
ratios of non-radiogenic 40Ar and 36Ar were incorporated into the grains.  Red error 
ellipses indicate heating steps that are omitted from calcualtions. All reported ages (steps, 
plateaus, and integrated) are shown with 2σ levels of uncertainty.   Release spectra for 
amphibole analysis also include the Ca/K ratio and radiogenic 40Ar yield. 
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Figure 2.3.  Grain mounts, analyses locations and U-Pb age data for two selected 
samples.  U/Pb age analysis, in this study, was done at the USGS/Stanford Super High 
Resolution Ion Microprobe 9 Reverse Geometry (SHRIMP-RG) laboratory in Palo Alto, 
CA.  Zircon mounts were made for each sample and photographed using transmitted light 
and using cathedoluminescence to determine inclusion locations and abnormal zoning.  
The mounts are shown above, as are the individual analysis, which avoided grain cores 
and rim overgrowths.  Age spectra are shown on the left and are shown with 2σ levels of 
uncertainty.  Analyses excluded from the calculation of the mean sample age are shown 
in blue.  Ages were determined using Squid2 (Ludwig, 2009).   
 
Figure 2.4. Comparison of thermal models and cooling paths based on ages and closure 
temperatures.  Individual Tct points are shown as blue circles with error bars. Green fields 
show thermal histories that result in modeled ages within 1σ error of observed ages and 
violet fields produce modeled ages within 2σ error of observed ages. See text for more 
details about the modeling and error analysis. The modeled thermal histories closely 
correlate with the plotted time/closure-temperature data-points..  
 
Figure 2.5.  A gradient map of geobarometry of Sierran plutons (from Nadin and Saleeby, 
2008) of the central Sierra Nevada Range.  Also shown are sample locations and sample 
groupings for rocks analyzed in this study.  In an effort to simplify the large number of 
t/T paths generated by the data in this study, we identified regions whose samples shared 
geographic proximity and similar cooling ages.  These samples were grouped as 
 87 
illustrated in figure 2.5.  The t/T plots of the data from each group produces similar t/T 
paths and a representative t/T envelope for that area is generated, as shown in figure 2.6.  
 
Figure 2.6:  Cooling histories of all samples yielding 4 or more thermochronometric 
analysis.  Sample groups are illustrated in figure 2.5.  Temperature data is based on: (1) 
U/Pb ages, (2) amphibole 40Ar/39Ar ages, (3) biotite 40Ar/39Ar ages, (4) zircon (U-Th)/He 
ages and (5) apatite (U-Th)/He data.  Closure temperatures are: (1) 800 ± 50°C, (2) 500 ±	 
50°C, (3) 325 ± 50°C, (4) 170 ± 15°C and (5) 70 ± 10°C, respectively.  Composite (grey) 
time/Temperature (t/T) envelopes are drawn to encompass the extent of most data and 
errors for each sample group and identify the possible t/T path representative of the 
sample group. 
 
Figure 2.7: A summary of t/T paths based upon regions and average cooling rates.  The 
composite t/T envelopes illustrated in figure 2.4 are compiled into a singular plot to show 
the variation in cooling histories between the different regions of this study.  Also shown 
are the average cooling rates calculated using the age data and closure temperatures 
outlined in Figure 2.4.  To produce the average cooling rates, all available geo- and 
thermochronologic data produced in this study is used.  A transition from higher cooling 
rates to lower cooling rates is identified and discussed in the text.  Distinct cooling 














































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Supplemental Table 2.3. U-Pb Analytical Data
U Th Th/U 207Pb/ ± 207Pb/ ± 206Pb/ ± 206Pb ± 207Pb ± Best Age ±
Spot Name (ppm) (ppm) 206Pb (%) 235U (%) 238U (%) 238U (1σ) 206Pb (1σ) (Ma) (1σ)
MH01-12.1 228 139 0.61 .0491 4.0 0.11 4.1 .0159 1.0 101.8 1.1 150 94 101.8 1.1
MH01-5.1 128 88 0.69 .0566 9.9 0.13 10.0 .0161 1.5 102.0 1.4 478 219 102.0 1.4
MH01-7.1 233 182 0.78 .0501 3.8 0.11 4.0 .0161 1.0 102.9 1.1 197 89 102.9 1.1
MH01-8.1 229 189 0.82 .0416 11.1 0.09 11.1 .0160 1.1 103.4 1.1 -252 281 103.4 1.1
MH01-4.1 154 100 0.65 .0322 18.2 0.07 18.3 .0161 1.4 105.1 1.3 -945 533 105.1 1.3
MH01-10.1 339 166 0.49 .0485 3.1 0.11 3.2 .0165 0.8 105.1 0.9 122 74 105.1 0.9
MH01-11.1 435 205 0.47 .0433 5.7 0.10 5.7 .0164 0.8 105.6 0.8 -150 141 105.6 0.8
MH01-2.1 148 82 0.55 .0457 8.6 0.10 8.7 .0165 1.3 105.9 1.4 -17 208 105.9 1.4
MH01-9.1 372 179 0.48 .0494 3.3 0.11 3.4 .0166 0.8 106.2 0.8 166 78 106.2 0.8
MH01-6.1 489 208 0.43 .0491 2.6 0.11 2.7 .0167 0.7 106.6 0.8 152 61 106.6 0.8
MH01-3.1 327 161 0.49 .0500 4.3 0.12 4.4 .0167 0.9 106.7 0.9 195 101 106.7 0.9
MH01-1.1 395 200 0.51 .0467 3.4 0.11 3.5 .0168 0.8 107.4 0.8 35 82 107.4 0.8
YV07-13.1 503 246 0.49 .0436 7.2 0.08 7.2 .0137 0.8 88.4 0.6 -132 178 88.4 0.6
YV07-3.1 502 226 0.45 .0454 5.3 0.09 5.4 .0140 0.8 89.7 0.7 -36 129 89.7 0.7
YV07-5.1 549 244 0.44 .0435 5.7 0.08 5.8 .0140 0.7 90.3 0.6 -141 142 90.3 0.6
YV07-6.1 620 216 0.35 .0439 4.7 0.09 4.8 .0140 0.7 90.4 0.6 -117 117 90.4 0.6
YV07-8.1 591 335 0.57 .0453 3.2 0.09 3.3 .0141 0.7 90.6 0.6 -37 79 90.6 0.6
YV07-4.1 752 363 0.48 .0463 3.5 0.09 3.6 .0141 0.6 90.7 0.5 12 84 90.7 0.5
YV07-12.1 336 116 0.35 .0465 5.0 0.09 5.1 .0142 0.9 90.9 0.8 23 121 90.9 0.8
YV07-1.1 617 254 0.41 .0467 4.6 0.09 4.6 .0142 0.7 91.2 0.6 35 110 91.2 0.6
YV07-2.1 562 247 0.44 .0478 3.1 0.09 3.2 .0143 0.7 91.7 0.6 89 73 91.7 0.6
YV07-16.1 370 170 0.46 .0446 5.5 0.09 5.6 .0143 0.9 91.7 0.8 -78 135 91.7 0.8
YV07-7.1 539 178 0.33 .0490 4.1 0.10 4.2 .0144 0.7 92.2 0.7 146 96 92.2 0.7
YV07-11.1 457 201 0.44 .0514 3.9 0.10 4.0 .0147 0.8 93.7 0.7 260 89 93.7 0.7
YV07-9.1 844 338 0.40 .0463 3.3 0.09 3.4 .0146 0.6 93.7 0.5 16 79 93.7 0.5
YV07-15.1 729 305 0.42 .0466 2.4 0.09 2.5 .0146 0.6 93.9 0.6 31 57 93.9 0.6
YV07-10.1 387 166 0.43 .0453 4.0 0.09 4.1 .0148 0.8 94.9 0.8 -40 97 94.9 0.8
YV07-14.1 951 456 0.48 .0462 2.3 0.09 2.4 .0149 0.5 95.5 0.5 6 56 95.5 0.5
MH05-9.1 163 154 0.95 .0505 7.3 0.11 7.4 .0163 1.3 104.1 1.3 219 169 104.1 1.3
MH05-3.1 145 130 0.89 .0572 10.7 0.13 10.8 .0166 1.5 104.8 1.4 500 236 104.8 1.4
MH05-2.1 156 150 0.96 .0550 7.8 0.13 7.9 .0165 1.3 104.9 1.3 413 174 104.9 1.3
MH05-4.1 167 160 0.96 .0364 20.3 0.08 20.3 .0162 1.5 105.1 1.3 -603 552 105.1 1.3
MH05-1.1 194 171 0.88 .0433 8.5 0.10 8.5 .0164 1.2 105.3 1.2 -148 210 105.3 1.2
MH05-6.1 193 187 0.97 .0562 7.6 0.13 7.7 .0167 1.2 105.5 1.2 462 168 105.5 1.2
MH05-10.1 164 153 0.93 .0416 9.3 0.09 9.3 .0165 1.3 106.6 1.3 -248 234 106.6 1.3
MH05-8.1 159 143 0.90 .0463 4.8 0.11 5.0 .0167 1.2 106.8 1.4 11 117 106.8 1.4
MH05-7.1 151 138 0.92 .0334 18.2 0.08 18.2 .0166 1.4 108.4 1.4 -838 520 108.4 1.4
MH05-5.1 207 193 0.93 .0456 5.5 0.11 5.6 .0169 1.1 108.5 1.2 -21 132 108.5 1.2




Supplemental Table 2.3. U-Pb Analytical Data (continued)
U Th Th/U 207Pb/ ± 207Pb/ ± 206Pb/ ± 206Pb ± 207Pb ± Best Age ±
Spot Name (ppm) (ppm) 206Pb (%) 235U (%) 238U (%) 238U (1σ) 206Pb (1σ) (Ma) (1σ)
MH11-18.1 84 52 0.62 .0433 9.5 0.12 9.7 .0203 1.8 130.3 2.4 -149 236 130.3 2.4
MH11-20.1 186 79 0.43 .0470 6.0 0.13 6.1 .0204 1.1 130.7 1.4 48 143 130.7 1.4
MH11-3.1 100 62 0.62 .0421 13.3 0.12 13.3 .0204 1.6 131.5 1.9 -222 333 131.5 1.9
MH11-2.1 150 61 0.41 .0614 12.0 0.18 12.1 .0210 1.4 131.6 1.7 654 258 131.6 1.7
MH11-9.1 87 47 0.53 .0411 11.0 0.12 11.1 .0205 1.6 132.4 2.1 -282 280 132.4 2.1
MH11-5.1 157 72 0.46 .0407 8.6 0.12 8.7 .0205 1.2 132.4 1.6 -306 219 132.4 1.6
MH11-13.1 83 55 0.65 .0538 5.5 0.16 5.7 .0210 1.6 133.1 2.1 361 124 133.1 2.1
MH11-11.1 180 79 0.44 .0466 5.2 0.13 5.4 .0209 1.1 133.9 1.4 31 126 133.9 1.4
MH11-10.1 166 73 0.44 .0519 4.0 0.15 4.1 .0211 1.1 134.1 1.5 282 91 134.1 1.5
MH11-16.1 93 58 0.63 .0458 8.1 0.13 8.2 .0209 1.5 134.1 2.0 -15 195 134.1 2.0
MH11-7.1 161 67 0.41 .0565 9.6 0.17 9.7 .0212 1.3 134.2 1.5 471 213 134.2 1.5
MH11-6.1 90 57 0.64 .0387 12.8 0.11 12.9 .0208 1.6 134.2 2.0 -438 336 134.2 2.0
MH11-1.1 221 98 0.45 .0365 12.2 0.10 12.3 .0207 1.1 134.3 1.3 -596 332 134.3 1.3
MH11-17.1 214 112 0.52 .0458 6.0 0.13 6.0 .0210 1.0 134.4 1.3 -14 144 134.4 1.3
MH11-4.1 97 59 0.60 .0248 38.9 0.07 38.9 .0205 1.8 134.7 2.0 134.7 2.0
MH11-12.1 85 54 0.64 .0390 16.3 0.11 16.4 .0209 1.7 134.9 2.1 -419 426 134.9 2.1
MH11-8.1 175 100 0.57 .0485 4.1 0.14 4.2 .0212 1.1 135.3 1.5 125 96 135.3 1.5
MH11-14.1 172 68 0.39 .0376 12.6 0.11 12.6 .0210 1.2 135.5 1.5 -511 335 135.5 1.5
MH11-15.1 191 100 0.53 .0477 4.8 0.14 5.0 .0214 1.2 136.5 1.7 84 114 136.5 1.7
MH11-19.1 129 55 0.43 .0426 6.7 0.13 6.8 .0213 1.3 137.1 1.7 -190 167 137.1 1.7
YV03-13.1 140 90 0.64 .0391 22.8 0.09 22.9 .0169 2.0 109.0 1.9 -409 596 109.0 1.9
YV03-1.1 92 72 0.78 .0478 9.1 0.11 9.3 .0171 2.0 109.1 2.1 87 216 109.1 2.1
YV03-2.1 266 146 0.55 .0431 5.9 0.10 6.1 .0171 1.5 109.8 1.6 -164 147 109.8 1.6
YV03-11.1 360 185 0.51 .0462 4.6 0.11 4.8 .0172 1.4 110.3 1.5 11 111 110.3 1.5
YV03-15.1 511 296 0.58 .0485 2.8 0.12 3.1 .0173 1.3 110.6 1.5 126 66 110.6 1.5
YV03-3.1 358 170 0.47 .0478 4.5 0.11 4.8 .0174 1.4 110.9 1.6 89 108 110.9 1.6
YV03-8.1 222 162 0.73 .0461 3.9 0.11 4.2 .0174 1.5 111.5 1.7 2 95 111.5 1.7
YV03-5.1 229 117 0.51 .0468 4.6 0.11 4.8 .0174 1.5 111.5 1.7 40 110 111.5 1.7
YV03-4.1 345 216 0.63 .0467 3.1 0.11 3.4 .0174 1.4 111.7 1.6 33 74 111.7 1.6
YV03-14.1 188 94 0.50 .0476 4.3 0.11 4.6 .0175 1.6 111.7 1.8 81 102 111.7 1.8
YV03-12.1 308 154 0.50 .0487 3.6 0.12 3.8 .0175 1.4 111.7 1.6 133 84 111.7 1.6
YV03-6.1 141 125 0.88 .0429 9.6 0.10 9.7 .0174 1.8 112.2 2.0 -175 239 112.2 2.0
YV03-9.1 273 125 0.46 .0419 6.6 0.10 6.7 .0174 1.5 112.2 1.6 -233 166 112.2 1.6
YV03-10.1 448 296 0.66 .0505 2.5 0.12 2.8 .0178 1.3 113.2 1.5 218 58 113.2 1.5
YV03-7.1 224 81 0.36 .0440 7.0 0.11 7.2 .0183 1.6 117.2 1.8 -109 172 117.2 1.8
AR11-13.1 120 45 0.37 .0403 12.4 0.11 12.5 .0203 1.8 130.8 2.2 -332 318 130.8 2.2
AR11-12.1 124 40 0.32 .0503 4.5 0.15 4.8 .0209 1.7 133.1 2.3 209 103 133.1 2.3
AR11-4.1 103 57 0.55 .0512 7.4 0.15 7.7 .0211 1.8 134.3 2.5 248 171 134.3 2.5
AR11-14.1 132 34 0.26 .0486 5.6 0.14 5.8 .0211 1.6 134.7 2.2 126 132 134.7 2.2
AR11-9.1 163 97 0.60 .0513 6.0 0.15 6.2 .0212 1.6 134.7 2.1 255 137 134.7 2.1
AR11-16.1 119 66 0.55 .0341 16.4 0.10 16.5 .0210 1.8 136.5 2.3 -779 464 136.5 2.3
AR11-3.1 106 41 0.38 .0458 14.9 0.13 15.1 .0213 2.0 136.6 2.5 -12 361 136.6 2.5
AR11-8.1 107 58 0.54 .0498 4.9 0.15 5.2 .0215 1.8 136.8 2.5 187 114 136.8 2.5
AR11-15.1 351 282 0.80 .0478 4.8 0.14 5.0 .0215 1.4 137.0 1.9 90 114 137.0 1.9
AR11-5.1 105 58 0.56 .0424 13.0 0.12 13.2 .0213 1.9 137.0 2.5 -201 326 137.0 2.5
AR11-7.1 151 62 0.41 .0452 6.4 0.13 6.6 .0215 1.7 137.6 2.3 -43 156 137.6 2.3
AR11-1.1 169 97 0.57 .0371 11.6 0.11 11.7 .0213 1.6 137.7 2.2 -549 311 137.7 2.2
AR11-2.1 126 70 0.55 .0459 9.6 0.14 9.8 .0216 1.8 137.9 2.4 -9 233 137.9 2.4
AR11-6.1 118 68 0.57 .0604 10.0 0.18 10.2 .0222 1.8 139.5 2.4 619 217 139.5 2.4
AR11-11.1 120 30 0.25 .0440 6.7 0.13 6.9 .0218 1.7 139.6 2.4 -113 164 139.6 2.4
AR11-10.1 173 102 0.59 .0493 4.5 0.15 4.8 .0224 1.5 142.5 2.2 164 106 142.5 2.2




Supplemental Table 2.3. U-Pb Analytical Data (continued)
U Th Th/U 207Pb/ ± 207Pb/ ± 206Pb/ ± 206Pb ± 207Pb ± Best Age ±
Spot Name (ppm) (ppm) 206Pb (%) 235U (%) 238U (%) 238U (1σ) 206Pb (1σ) (Ma) (1σ)
AR06-7.1 391 155 0.40 .0463 3.7 0.10 4.0 .0161 1.4 103.3 1.4 11 90 103.3 1.4
AR06-12.1 480 257 0.54 .0488 3.3 0.11 3.5 .0164 1.4 104.5 1.4 139 76 104.5 1.4
AR06-10.1 533 224 0.42 .0491 2.6 0.11 2.9 .0166 1.3 105.9 1.4 152 61 105.9 1.4
AR06-13.1 420 136 0.32 .0480 3.8 0.11 4.1 .0167 1.4 106.9 1.5 97 90 106.9 1.5
AR06-3.1 536 225 0.42 .0456 3.2 0.10 3.5 .0167 1.3 106.9 1.4 -25 77 106.9 1.4
AR06-16.1 715 381 0.53 .0495 2.1 0.11 2.4 .0168 1.3 107.1 1.4 171 49 107.1 1.4
AR06-9.1 397 149 0.37 .0455 5.8 0.10 6.0 .0167 1.4 107.2 1.5 -31 141 107.2 1.5
AR06-1.1 583 254 0.44 .0479 3.3 0.11 3.6 .0168 1.4 107.5 1.5 95 78 107.5 1.5
AR06-8.1 353 163 0.46 .0464 5.2 0.11 5.4 .0168 1.4 107.9 1.5 17 124 107.9 1.5
AR06-6.1 649 258 0.40 .0481 2.5 0.11 2.8 .0169 1.3 108.2 1.4 105 59 108.2 1.4
AR06-4.1 463 220 0.48 .0454 5.7 0.11 5.8 .0169 1.4 108.4 1.5 -36 138 108.4 1.5
AR06-15.1 646 246 0.38 .0472 2.4 0.11 2.7 .0170 1.3 108.7 1.4 61 57 108.7 1.4
AR06-14.1 712 319 0.45 .0479 2.2 0.11 2.6 .0170 1.3 108.9 1.4 96 53 108.9 1.4
AR06-2.1 944 575 0.61 .0488 1.8 0.12 2.2 .0171 1.3 109.5 1.4 140 43 109.5 1.4
AR06-5.1 423 176 0.42 .0474 3.4 0.11 3.7 .0172 1.5 109.9 1.6 69 81 109.9 1.6
AR06-11.1 855 526 0.62 .0486 2.4 0.12 2.7 .0173 1.3 110.4 1.4 131 56 110.4 1.4
AR04-11.1 383 139 0.36 .0553 4.6 0.12 4.9 .0163 1.4 103.3 1.4 426 104 103.3 1.4
AR04-5.1 559 225 0.40 .0510 2.7 0.12 3.0 .0165 1.3 105.3 1.4 242 61 105.3 1.4
AR04-7.1 496 270 0.54 .0473 3.4 0.11 3.6 .0165 1.3 105.6 1.4 63 81 105.6 1.4
AR04-3.1 572 267 0.47 .0457 3.0 0.10 3.3 .0165 1.3 105.7 1.4 -20 74 105.7 1.4
AR04-12.1 795 401 0.50 .0479 2.2 0.11 2.5 .0165 1.3 105.8 1.3 94 51 105.8 1.3
AR04-10.1 507 258 0.51 .0492 2.5 0.11 2.9 .0166 1.3 105.8 1.4 159 59 105.8 1.4
AR04-2.1 487 195 0.40 .0481 2.6 0.11 2.9 .0166 1.3 106.3 1.4 105 61 106.3 1.4
AR04-4.1 388 156 0.40 .0507 4.3 0.12 4.5 .0167 1.4 106.6 1.5 227 99 106.6 1.5
AR04-9.1 445 163 0.37 .0456 3.7 0.10 4.0 .0167 1.6 106.8 1.7 -23 89 106.8 1.7
AR04-8.1 397 116 0.29 .0432 4.7 0.10 4.9 .0170 1.5 109.1 1.6 -156 116 109.1 1.6
AR04-6.1 400 139 0.35 .0471 3.6 0.11 3.9 .0171 1.4 109.4 1.5 55 86 109.4 1.5
AR04-1.1 566 300 0.53 .0467 4.0 0.11 4.3 .0171 1.3 109.8 1.5 35 97 109.8 1.5
YH05-4.1 167 142 0.85 .0485 8.7 0.10 9.0 .0144 2.3 92.0 2.2 124 205 92.0 2.2
YH05-8.1 178 147 0.82 .0497 5.8 0.10 5.9 .0152 1.2 96.8 1.2 180 135 96.8 1.2
YH05-3.1 116 90 0.78 .0525 8.8 0.11 9.1 .0153 2.3 97.3 2.3 308 200 97.3 2.3
YH05-13.1 191 155 0.81 .0453 6.3 0.10 6.4 .0153 1.2 98.3 1.2 -40 153 98.3 1.2
YH05-10.1 189 155 0.82 .0440 6.9 0.09 7.0 .0154 1.2 98.9 1.1 -110 169 98.9 1.1
YH05-11.1 124 62 0.50 .0343 21.4 0.07 21.4 .0152 1.6 98.9 1.4 -766 602 98.9 1.4
YH05-9.1 118 93 0.79 .0420 14.3 0.09 14.3 .0154 1.6 99.3 1.5 -225 359 99.3 1.5
YH05-6.1 137 112 0.81 .0320 21.0 0.07 21.1 .0153 1.5 100.0 1.3 -961 618 100.0 1.3
YH05-5.1 127 102 0.80 .0401 9.7 0.09 9.8 .0155 1.4 100.1 1.4 -347 251 100.1 1.4
YH05-12.1 150 122 0.81 .0430 7.6 0.09 7.7 .0156 1.3 100.2 1.3 -170 190 100.2 1.3
YH05-7.1 110 85 0.77 .0392 15.4 0.08 15.5 .0156 1.6 100.8 1.6 -404 402 100.8 1.6
YH05-1.1 152 121 0.80 .0385 11.5 0.08 11.6 .0156 1.4 101.1 1.4 -453 304 101.1 1.4
YH11-5.1 1545 879 0.57 .0478 2.3 0.09 2.4 .0136 0.4 86.8 0.4 90 55 86.8 0.4
YH11-1.1 1063 477 0.45 .0490 2.0 0.09 2.1 .0136 0.5 86.9 0.5 148 47 86.9 0.5
YH11-9.1 1360 778 0.57 .0486 1.8 0.09 1.8 .0136 0.5 87.1 0.4 130 42 87.1 0.4
YH11-2.1 854 384 0.45 .0480 2.3 0.09 2.3 .0136 0.6 87.2 0.5 99 54 87.2 0.5
YH11-3.1 611 172 0.28 .0466 4.3 0.09 4.3 .0137 0.7 88.0 0.6 30 102 88.0 0.6
YH11-10.1 579 168 0.29 .0492 5.0 0.09 5.1 .0138 0.8 88.1 0.7 158 117 88.1 0.7
YH11-11.1 1413 621 0.44 .0510 2.3 0.10 2.3 .0139 0.5 88.7 0.4 242 52 88.7 0.4
YH11-7.1 1376 708 0.51 .0473 2.2 0.09 2.3 .0139 0.5 88.8 0.4 63 53 88.8 0.4
YH11-8.1 690 194 0.28 .0453 3.1 0.09 3.2 .0138 0.7 88.9 0.6 -38 75 88.9 0.6
YH11-4.1 1246 627 0.50 .0471 2.0 0.09 2.1 .0139 0.5 89.4 0.4 53 48 89.4 0.4
YH11-6.1 961 365 0.38 .0449 2.4 0.09 2.5 .0139 0.5 89.4 0.5 -64 59 89.4 0.5
Isotopic ratios Corrected ages (Ma)
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Supplemental Table 2.3. U-Pb Analytical Data (continued)
U Th Th/U 207Pb/ ± 207Pb/ ± 206Pb/ ± 206Pb ± 207Pb ± Best Age ±
Spot Name (ppm) (ppm) 206Pb (%) 235U (%) 238U (%) 238U (1σ) 206Pb (1σ) (Ma) (1σ)
MD01-13.1 543 356 0.66 .0464 4.0 0.11 4.1 .0170 0.7 108.9 0.8 20 97 108.9 0.8
MD01-1.1 456 45 0.10 .0466 3.3 0.16 3.4 .0252 0.7 161.2 1.1 28 79 161.2 1.1
MD01-7.1 473 113 0.24 .0453 3.1 0.16 3.2 .0253 0.7 161.6 1.1 -42 75 161.6 1.1
MD01.14.1 699 232 0.33 .0491 2.2 0.17 2.2 .0256 0.5 163.1 0.8 154 50 163.1 0.8
MD01-12.1 435 162 0.37 .0506 2.6 0.18 2.7 .0258 0.7 163.7 1.1 223 60 163.7 1.1
MD01-4.1 249 175 0.70 .0459 6.4 0.16 6.5 .0257 0.9 164.2 1.5 -10 154 164.2 1.5
MD01-3.1 799 312 0.39 .0521 2.0 0.19 2.1 .0261 0.5 165.4 0.8 290 46 165.4 0.8
MD01.15.1 415 119 0.29 .0519 3.0 0.19 3.1 .0263 0.7 166.6 1.2 281 70 166.6 1.2
MD01-2.1 317 66 0.21 .0486 2.8 0.18 2.9 .0262 0.8 166.8 1.3 129 66 166.8 1.3
MD01-6.1 903 331 0.37 .0486 2.3 0.18 2.4 .0262 0.5 166.9 0.8 127 55 166.9 0.8
MD01-5.1 650 213 0.33 .0485 3.7 0.18 3.7 .0263 0.6 167.6 0.9 125 86 167.6 0.9
MD01-16.1 1020 219 0.22 .0490 2.4 0.18 2.4 .0264 0.5 168.4 0.8 148 55 168.4 0.8
MD01-10.1 529 15 0.03 .0456 3.3 0.17 3.3 .0263 0.6 168.4 1.0 -22 79 168.4 1.0
MD01-9.1 718 43 0.06 .0496 1.9 0.18 1.9 .0265 0.5 168.5 0.9 175 44 168.5 0.9
MD01-11.1 782 135 0.17 .0488 2.0 0.18 2.0 .0267 0.5 169.8 0.9 138 46 169.8 0.9
MD01-8.1 192 146 0.76 .0411 7.5 0.15 7.5 .0266 1.0 170.8 1.7 -280 190 170.8 1.7
YH13-3.1 36 30 0.81 .0130 5.5 91.2 2.6 91.2 2.6
YH13-15.1 350 147 0.42 .0452 5.0 0.09 5.1 .0147 0.9 94.5 0.8 -46 122 94.5 0.8
YH13-8.1 329 172 0.52 .0484 5.7 0.10 5.8 .0149 1.0 95.1 0.9 117 135 95.1 0.9
YH13-12.1 359 401 1.12 .0426 8.2 0.09 8.3 .0148 1.0 95.2 0.9 -188 205 95.2 0.9
YH13.11.1 305 122 0.40 .0420 7.4 0.09 7.5 .0148 1.0 95.7 0.9 -227 187 95.7 0.9
YH13-9.1 388 148 0.38 .0506 4.3 0.10 4.4 .0150 0.9 95.8 0.9 224 99 95.8 0.9
YH13-7.1 401 171 0.43 .0438 3.9 0.09 4.0 .0149 0.8 95.9 0.8 -120 97 95.9 0.8
YH13-10.1 650 251 0.39 .0469 3.0 0.10 3.1 .0150 0.7 96.0 0.7 46 73 96.0 0.7
YH13-13.1 266 187 0.71 .0425 8.5 0.09 8.6 .0149 1.1 96.0 1.0 -196 213 96.0 1.0
YH13-16.1 402 308 0.77 .0461 4.4 0.10 4.5 .0150 0.9 96.2 0.8 0 106 96.2 0.8
YH13-5.1 396 147 0.37 .0446 5.4 0.09 5.4 .0151 0.9 97.0 0.8 -75 131 97.0 0.8
YH13-2.1 279 118 0.42 .0448 4.0 0.09 4.1 .0151 1.0 97.0 1.0 -65 97 97.0 1.0
YH13-14.1 977 968 0.99 .0476 2.4 0.10 2.5 .0152 0.5 97.1 0.5 81 58 97.1 0.5
YH13-6.1 418 165 0.40 .0463 4.8 0.10 4.9 .0152 0.8 97.2 0.8 15 116 97.2 0.8
YH13-4.1 337 236 0.70 .0466 4.3 0.10 4.4 .0153 0.9 97.8 0.9 27 102 97.8 0.9
YH13-1.1 240 172 0.72 .0442 6.7 0.09 6.8 .0154 1.1 99.0 1.1 -102 165 99.0 1.1
HH06-3.1 674 640 0.95 .0482 2.2 0.16 2.2 .0236 0.6 150.7 0.9 112 51 150.7 0.9
HH06-4.1 728 699 0.96 .0482 2.6 0.16 2.6 .0238 0.6 151.5 0.9 107 60 151.5 0.9
HH06-5.1 516 416 0.81 .0480 2.6 0.16 2.7 .0239 0.7 152.2 1.0 98 62 152.2 1.0
HH06-6.1 207 133 0.64 .0465 6.2 0.15 6.3 .0239 1.1 152.6 1.6 24 149 152.6 1.6
HH06-1.1 388 123 0.32 .0491 3.2 0.16 3.3 .0240 0.8 152.7 1.2 153 74 152.7 1.2
HH06-7.1 570 280 0.49 .0466 3.0 0.15 3.1 .0240 0.6 153.5 1.0 31 73 153.5 1.0
HH06-8.1 342 243 0.71 .0472 4.1 0.16 4.2 .0241 0.8 153.8 1.3 57 97 153.8 1.3
HH06-2.1 399 273 0.68 .0466 4.4 0.16 4.5 .0241 0.8 154.1 1.2 31 106 154.1 1.2
MD07-11.1 337 121 0.36 .0458 4.4 0.10 4.5 .0165 0.9 105.7 1.0 -11 105 105.7 1.0
MD07-2.1 270 87 0.32 .0430 9.1 0.10 9.1 .0164 1.1 105.8 1.1 -168 226 105.8 1.1
MD07-9.1 210 73 0.35 .0479 4.6 0.11 4.7 .0166 1.2 105.9 1.3 92 108 105.9 1.3
MD07-4.1 670 297 0.44 .0493 3.1 0.11 3.2 .0167 0.8 106.6 0.8 163 73 106.6 0.8
MD07-10.1 288 114 0.40 .0496 4.8 0.11 4.9 .0167 1.0 106.8 1.1 175 111 106.8 1.1
MD07-3.1 194 78 0.40 .0467 6.3 0.11 6.4 .0167 1.2 106.9 1.3 36 151 106.9 1.3
MD07-1.1 400 150 0.37 .0526 5.9 0.12 6.0 .0170 0.9 107.9 0.9 311 135 107.9 0.9
MD07-7.1 327 159 0.49 .0454 4.4 0.11 4.5 .0168 0.9 108.1 1.0 -35 108 108.1 1.0
MD07-6.1 397 142 0.36 .0495 3.7 0.12 3.8 .0171 0.8 108.8 0.9 171 86 108.8 0.9
MD07-12.1 276 127 0.46 .0497 3.8 0.12 3.9 .0172 1.0 109.6 1.1 180 88 109.6 1.1
MD07-5.1 451 180 0.40 .0472 3.5 0.11 3.6 .0172 0.8 110.1 0.9 60 84 110.1 0.9
MD07-8.1 240 95 0.40 .0393 7.5 0.09 7.6 .0171 1.1 110.8 1.2 -398 195 110.8 1.2






Supplemental Table 2.3. U-Pb Analytical Data (continued)
U Th Th/U 207Pb/ ± 207Pb/ ± 206Pb/ ± 206Pb ± 207Pb ± Best Age ±
Spot Name (ppm) (ppm) 206Pb (%) 235U (%) 238U (%) 238U (1σ) 206Pb (1σ) (Ma) (1σ)
HH07-2.1 260 178 0.68 .0381 14.4 0.09 14.5 .0166 1.3 107.3 1.3 -479 383 107.3 1.3
HH07-3.1 134 102 0.77 .0406 13.7 0.09 13.8 .0167 1.5 108.0 1.5 -312 351 108.0 1.5
HH07-6.1 97 65 0.67 .0475 8.4 0.11 8.5 .0170 1.7 108.4 1.8 76 199 108.4 1.8
HH07-9.1 215 183 0.85 .0423 9.3 0.10 9.4 .0169 1.2 108.8 1.2 -209 235 108.8 1.2
HH07-7.1 166 95 0.57 .0417 11.3 0.10 11.3 .0170 1.3 109.7 1.4 -242 284 109.7 1.4
HH07-10.1 561 283 0.50 .0459 3.5 0.11 3.5 .0171 0.7 109.9 0.8 -6 84 109.9 0.8
HH07-8.1 402 189 0.47 .0489 3.0 0.12 3.1 .0173 0.8 110.2 0.9 144 70 110.2 0.9
HH07-4.1 426 179 0.42 .0449 4.4 0.11 4.5 .0172 0.8 110.5 0.9 -61 107 110.5 0.9
HH07-5.1 326 117 0.36 .0459 4.2 0.11 4.3 .0173 0.9 110.6 1.0 -8 102 110.6 1.0
HH07-11.1 274 202 0.73 .0406 6.0 0.10 6.0 .0172 1.0 110.9 1.1 -312 153 110.9 1.1
HH07-12.1 348 223 0.64 .0490 3.3 0.12 3.4 .0175 0.9 112.0 1.0 148 77 112.0 1.0
HH07-1.1 317 163 0.51 .0473 3.3 0.12 3.4 .0177 0.9 113.1 1.0 63 79 113.1 1.0
TD04-6.1 614 217 0.35 .0432 14.9 0.09 15.0 .0157 1.8 100.7 1.7 -154 369 100.7 1.7
TD04-15.1 875 275 0.31 .0469 2.5 0.10 2.6 .0157 0.5 100.8 0.6 42 60 100.8 0.6
TD04-11.1 674 172 0.26 .0460 3.8 0.10 3.9 .0158 0.6 101.6 0.6 0 93 101.6 0.6
TD04-10.1 566 192 0.34 .0479 3.2 0.11 3.3 .0160 0.7 102.1 0.7 95 77 102.1 0.7
TD04-9.1 948 808 0.85 .0460 4.0 0.10 4.1 .0160 0.5 102.9 0.5 -3 98 102.9 0.5
TD04-5.1 779 242 0.31 .0474 71.0 0.11 71.2 .0162 4.2 103.4 3.8 69 1690 103.4 3.8
TD04-13.1 2278 672 0.29 .0480 1.8 0.11 1.8 .0163 0.3 103.9 0.3 100 43 103.9 0.3
TD04-14.1 621 212 0.34 .0440 3.8 0.10 3.9 .0162 0.6 104.0 0.7 -110 94 104.0 0.7
TD04-4.1 1087 397 0.37 .0430 2.8 0.10 2.8 .0162 0.5 104.2 0.5 -168 69 104.2 0.5
TD04-2.1 607 109 0.18 .0460 3.3 0.10 3.4 .0162 0.7 104.2 0.7 -1 80 104.2 0.7
TD04-1.1 1101 404 0.37 .0475 2.7 0.11 2.7 .0163 0.5 104.2 0.5 75 64 104.2 0.5
TD04-12.1 817 176 0.22 .0464 2.6 0.11 2.7 .0164 0.7 105.2 0.7 20 63 105.2 0.7
TD04-3.1 766 293 0.38 .0454 3.9 0.10 3.9 .0165 0.6 105.7 0.6 -34 94 105.7 0.6
TD04-7.1 1057 327 0.31 .0502 3.5 0.12 3.7 .0166 0.9 105.9 1.0 206 82 105.9 1.0
TD04-8.1 1262 260 0.21 .0467 3.0 0.11 3.1 .0166 0.8 106.5 0.8 34 71 106.5 0.8
EW35-9.1 104 63 0.61 .0428 12.6 0.10 12.8 .0178 1.7 114.2 1.9 -178 315 114.2 1.9
EW35-10.1 81 75 0.94 .0548 6.2 0.14 6.5 .0181 1.8 114.9 2.2 402 139 114.9 2.2
EW35-5.1 59 34 0.57 .0607 15.0 0.15 15.2 .0184 2.4 115.6 2.5 629 323 115.6 2.5
EW35-6.1 103 59 0.57 .0610 13.8 0.16 13.9 .0185 1.9 116.4 1.9 639 296 116.4 1.9
EW35-1.1 140 86 0.61 .0540 7.3 0.14 7.4 .0185 1.4 117.4 1.7 370 164 117.4 1.7
EW35-7.1 80 44 0.55 .0334 27.5 0.08 27.6 .0182 2.1 118.2 2.2 -836 786 118.2 2.2
EW35-4.1 103 62 0.60 .0368 15.7 0.09 15.8 .0183 1.7 118.3 1.9 -569 425 118.3 1.9
EW35-2.1 143 141 0.99 .0375 14.3 0.10 14.4 .0185 1.5 119.4 1.7 -520 383 119.4 1.7
EW35-3.1 108 104 0.97 .0308 29.5 0.08 29.6 .0185 1.9 120.5 2.0 -1074 889 120.5 2.0
EW35-8.1 86 56 0.65 .0224 36.0 0.06 36.0 .0185 2.0 122.2 2.2 122.2 2.2
EW39-7.1 1421 714 0.50 .0478 1.9 0.09 2.0 .0139 0.5 88.8 0.5 90 45 88.8 0.5
EW39-3.1 536 175 0.33 .0467 4.1 0.09 4.2 .0140 0.8 89.6 0.8 32 99 89.6 0.8
EW39-1.1 760 330 0.43 .0492 2.5 0.10 2.6 .0140 0.7 89.6 0.6 157 59 89.6 0.6
EW39-5.1 615 221 0.36 .0452 4.3 0.09 4.4 .0140 0.8 90.2 0.7 -43 105 90.2 0.7
EW39-4.1 932 405 0.43 .0457 3.9 0.09 4.0 .0141 0.6 90.3 0.6 -19 95 90.3 0.6
EW39-8.1 732 371 0.51 .0466 2.8 0.09 2.9 .0141 0.7 90.3 0.6 28 68 90.3 0.6
EW39-2.1 650 257 0.39 .0516 4.4 0.10 4.5 .0143 0.8 90.9 0.7 269 101 90.9 0.7
EW39-6.1 749 343 0.46 .0439 4.7 0.09 4.7 .0142 0.7 91.3 0.6 -119 115 91.3 0.6






Supplemental Table 2.3. U-Pb Analytical Data (continued)
U Th Th/U 207Pb/ ± 207Pb/ ± 206Pb/ ± 206Pb ± 207Pb ± Best Age ±
Spot Name (ppm) (ppm) 206Pb (%) 235U (%) 238U (%) 238U (1σ) 206Pb (1σ) (Ma) (1σ)
RM01-5.1 285 10 0.04 .0452 7.6 0.10 7.7 .0155 1.1 99.2 1.1 -46 186 99.2 1.1
RM01-6.1 173 87 0.50 .0470 5.3 0.10 5.5 .0156 1.4 99.8 1.5 47 127 99.8 1.5
RM01-8.1 847 554 0.65 .0448 5.1 0.10 5.2 .0156 0.7 100.4 0.6 -67 125 100.4 0.6
RM01-12.1 279 124 0.45 .0428 6.7 0.09 6.8 .0156 1.1 100.6 1.1 -182 168 100.6 1.1
RM01-11.1 654 72 0.11 .0465 3.1 0.10 3.1 .0158 0.7 101.1 0.7 26 73 101.1 0.7
RM01-9.1 723 41 0.06 .0520 3.9 0.11 3.9 .0159 0.7 101.2 0.7 284 88 101.2 0.7
RM01-10.1 354 141 0.40 .0461 5.0 0.10 5.1 .0160 1.0 102.4 1.0 4 121 102.4 1.0
RM01-2.1 879 527 0.60 .0499 2.4 0.11 2.4 .0161 0.6 102.4 0.6 192 55 102.4 0.6
RM01-1.1 1096 955 0.87 .0478 2.3 0.11 2.4 .0160 0.5 102.6 0.6 92 55 102.6 0.6
RM01-3.1 302 120 0.40 .0483 3.7 0.11 3.9 .0162 1.0 103.8 1.1 116 88 103.8 1.1
RM01-13.1 1362 1318 0.97 .0441 3.9 0.10 3.9 .0163 0.6 104.4 0.6 -103 96 104.4 0.6
RM01-4.1 1268 528 0.42 .0476 2.3 0.11 2.4 .0164 0.5 105.0 0.5 77 55 105.0 0.5
RM10-10.1 759 223 0.29 .0362 17.5 0.07 17.5 .0137 1.2 89.2 0.8 -617 477 89.2 0.8
RM10-6.1 541 223 0.41 .0450 4.6 0.10 4.6 .0159 0.8 102.0 0.8 -55 111 102.0 0.8
RM10-5.1 234 82 0.35 .0589 7.5 0.13 7.6 .0163 1.3 102.5 1.3 563 163 102.5 1.3
RM10-11.1 793 272 0.34 .0472 2.9 0.10 3.0 .0161 0.6 103.0 0.7 58 70 103.0 0.7
RM10-4.1 592 148 0.25 .0456 5.5 0.10 5.5 .0161 0.8 103.4 0.8 -25 133 103.4 0.8
RM10-9.1 741 287 0.39 .0487 3.1 0.11 3.1 .0163 0.7 104.2 0.7 131 72 104.2 0.7
RM10-12.1 700 449 0.64 .0503 2.5 0.11 2.6 .0164 0.7 104.4 0.7 209 57 104.4 0.7
RM10-7.1 353 207 0.59 .0414 7.9 0.09 8.0 .0162 1.0 104.5 1.0 -261 201 104.5 1.0
RM10-3.1 656 389 0.59 .0458 2.8 0.10 2.9 .0163 0.7 104.5 0.7 -15 67 104.5 0.7
RM10-2.1 527 171 0.32 .0474 4.6 0.11 4.7 .0164 0.8 104.7 0.9 70 110 104.7 0.9
RM10-1.1 403 165 0.41 .0410 6.5 0.09 6.6 .0163 0.9 105.0 1.0 -286 166 105.0 1.0
RM10-8.1 760 263 0.35 .0456 2.7 0.10 2.7 .0164 0.6 105.0 0.7 -21 64 105.0 0.7
RM10-13.1 393 318 0.81 .0444 4.1 0.10 4.2 .0164 0.9 105.4 1.0 -89 101 105.4 1.0
RM10-14.1 283 122 0.43 .0491 3.9 0.11 4.1 .0166 1.1 106.2 1.2 152 91 106.2 1.2
RM10-15.1 289 614 2.12 .0466 5.2 0.11 5.3 .0167 1.1 106.7 1.2 27 125 106.7 1.2
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CHAPTER 3 
Zircon Rare Earth Element Patterns in Cretaceous Plutonic  
Rocks of the Sierra Nevada Batholith, California:  
Implications for Cyclical Flare-up Models 
 
Abstract 
 We present new zircon trace element data for 20 surface samples collected in the 
northern and central Sierra Nevada batholith.  We use this dataset to assess the patterns of 
fractionation in Cretaceous magmas as indicated by U, Th, Hf and REE abundances in 
zircon.  The variation of trace element ratios and abundances with time offer an 
opportunity to assess aspects of the cyclical magmatic flare-ups proposed for the 
Cordilleran convergent margin; specifically the late-Cretaceous flare-up event in 
California.  Decreasing Ce/Gd, U/Yb and Hf concentration trends in zircon indicate a 
decrease in fractionation from 160 Ma until about 120 Ma.  At 120 Ma a significant 
reversal occurs in which Ce/Gd, U/Yb and Hf concentration indicate an increasing degree 
of fractionation during the late-Cretaceous flare-up event.  Hf concentration in zircon 
varies by about 6000ppm where the minimum observed Hf concentration occurs in 
samples ~120 Ma. U/Yb varies systematically with time from >10 to <0.2 where 
minimum values correspond to samples with ages of ~120 Ma. The patterns of 
fractionation, as interpreted by the trace element data presented here, are in agreement 
with previously published εNd, 87Sr/86Sr, and δ18O data, which also indicate that as much 
as 50% of melts produced during the late-Cretaceous flare-up event were sourced from 
anatexis of the continental lithosphere.  These findings support models of cyclical 
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processes in continental convergent margins which hypothesize that crustal thickening 
leads to flare-up magmatic events through the partial melting of the base of a thickened 
continental lithosphere.  
 Previously published U-Pb ages from the central and northern Sierra Nevada 
batholith show considerable mismatch with published intrusive flux calculations and 
corresponding time windows for the late-Cretaceous flare-up event.  Our data, in 
combination with previously published zircon U-Pb age data indicate that the Cretaceous 
flare-up event in the northern Sierra Nevada batholith occurred 10-15 my earlier than 
previously reported.  We find that fractionation markers (i.e. U/Yb, [Hf], Ce/Gd) 
temporally correspond tightly with the assertion that the late Cretaceous flare-up initiated 
in the north 10-15 my earlier than in the southern Sierra Nevada. As a result, the find that 
‘late’ Cretaceous flare-up event appears to have initiated in the northern Sierra Nevada at 
~120 Ma and finished by ~90 Ma.  The late Cretaceous flare-up of the southern Sierra 
Nevada, however, is reported to have started at ~105 Ma and finished at ~85 Ma.  We 
suggest that the late Cretaceous flare-up started in the northern Sierra Nevada and swept 






Magmatic flare-up events have been well documented at convergent plate margins 
throughout the world (Armstrong, 1988; Paterson et al, 2011; Paterson and Ducea, 2015; 
de Silva et al, 2015; Turnbull et al, 2016; Kirsch et al, 2016; Moghadam et a, 2017; Riley 
et al, 2018, Alonso et al, 2018).  In the North American cordillera, a majority of batholith 
construction occurred during these short-lived events (Ducea, 2001; DeCelles et al, 2009; 
DeCelles and Grahm, 2015; Ducea et al, 2015).  Specifically, in the California arc the late 
Cretaceous flare-up resulted in >78% percent of the batholithic volume being emplaced 
in as little as 15 my of the arc’s ~140 my history (Ducea, 2001).  Identifying the 
processes that lead to flare-up events is critical to understanding the larger structure of 
batholithic systems and the nature of convergent margins.  Efforts to explain the 
conditions leading to flare-up events have included a variety of mechanisms including (1) 
increased melt production from the subducted slab and/or pelagic sediment (e.g. 
Drummond and Defant, 1990), (2) increased asthenosphere melt input from thinned 
lithosphere as a result of extension, delamination or slab rollback (Kay and Kay, 1991; 
Ferrari et al., 2007), and (3) fractional melting of thickened lithosphere due to forearc 
and/or retroarc thrusting (Ducea, 2001; DeCelles et al., 2009).  The source and 
subsequent makeup of magmas generated by each of these models is unique and, as a 
result, should impart discernable differences on the trace element patterns of the melts 
(DePaolo, 1981; Spera et al., 2007; Grimes et al. 2015).   
Zircon's ability to incorporate a variety of trace elements into its structure allows 
an opportunity to track changes in parental melt trace element abundance and ratios with 
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time (Hoskin and Schaltegger, 2003; Belousova et al., 2002; Trail et al., 2012).  
Specifically, U/Yb and Hf have been proposed as markers for tracers of melt 
fractionation in granitic magmas (Bath and Wooden, 2010).  Hf and U/Yb show and 
overall increase with magmatic differentiation, although small variations in the trends can 
reflect dynamic processes within the system (Claiborne et al., 2006; 2010).  Relative 
concentrations of U, Yb, Hf and Y in zircons have also been proposed as tools to indicate 
the tectonic setting of a zircon as being sourced from continental crust, oceanic crust or 
kimberlite (e.g. Hoskin and Ireland, 2000; Grimes et al. 2007; Barth and Wooden, 2010; 
Grimes et al., 2015). 
Long-term fractionation patterns have important implications for the 
interpretation of processes contributing to episodic magmatic flare-up events.  Such 
models (Ducea, 2001; Ducea and Barton, 2007; DeCelles et al., 2009; 2015; Ducea et al., 
2015) hypothesize that episodic thickening of the continental lithosphere through 
structural means leads to partial melting of the base of the thickened lithosphere.  We 
hypothesize that investigation of trace element ratios in zircon should indicate changes in 
the parental melt fractionation and, therefore, help establish the rock type source for the 
magmas (i.e subducted slab, asthenosphere or continental crust) as well as increased 
contribution of fractional melts generated in thickened continental crust.   
 
SIERRA NEVADA BATHOLITHIC ROCKS AND MAGMATIC CYCLICITY 
The magmatic system that comprises the Sierra Nevada range experienced two 
major flare-up events: one in the late Jurassic (160-150 Ma) and a second event in the late 
Cretaceous (105-85 Ma) (Ducea, 2001; Ducea and Barton, 2007; Paterson et al. 2011; 
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Cecil et al., 2012).  It was this later event, commonly referred to as the late-Cretaceous 
flare-up, during which >78% of the Sierra Nevada arc was formed within 20 m.y. (Ducea, 
2001; Chapman et al., 2012).  During these flare-up events, production rates of granitoid 
rocks increased significantly over average production rates (DeCelles and Graham, 2015, 
Patterson et al., 2011).  Such flare-up events are not unique to the California arc system 
and have been observed and/or speculated elsewhere in the North and South American 
Cordillera systems (DeCelles et al., 2009, Patterson et al., 2011).  
 Understanding the mechanisms that drive flare-up events and the source of the 
voluminous magmas generated during such events have been a topics of debate among 
geologist for decades (e.g. Armstrong, 1988; Ducea and Barton, 2007; Paterson et al., 
2011; Decelles and Graham, 2015; Ducea et al., 2015).  Because of the close association 
between subduction and arc construction, it would be natural to correlate the flare-up 
events observed in the Sierra Nevada range with increased subductive/convergence rates.  
However, investigation of convergence rates between the North American and Farallon 
plates reveals no such correlation (Ducea, 2001; Page and Engebretson, 1985).  
Furthermore, an investigation between intrusive flux rates and the angle of plate 
convergence also fails to yield clear correlations (Ducea, 2001; Page and Engebretson, 
1985).   
In the absence of direct causality between convergence rate/angle variation and 
flare-up magmatic events, studies have explored processes in the overriding continental 
lithospheric/asthenospheric wedge for driving mechanisms in episodic and punctuated 
magmatic production.  It has been proposed that lithospheric extension and/or 
delamination could be a driving mechanism in increased magmatic production (Lee et al., 
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2006).   In such a scenario, delamination or lithospheric extension should lead to the 
introduction of “fresh” asthenospheric mantle at the lithospheric base (Kay and Kay, 
1991) and provide a source of mantle-derived melt.  However, it has been noted that 
batholithic rocks of the Sierra Nevada have systematically low εNd values during periods 
of flare-up magmatism (Ducea, 2001).  The low εNd values (-20>5 for the late Cretaceous 
flare-up) are incompatible with values generally found in mantle-sourced melts as well as 
slab derived melts, whose values do not typically depart from MORB values of +12 ± 3 
(Gregory and Taylor, 1981).  These results indicate that lithospheric thinning and/or 
lower crust removal are unlikely to be a direct cause of the flare-up magmatic events 
observed in the Sierra Nevada (Ducea and Barton, 2007).  
 It has also been suggested that crustal thickening might play a role in creating the 
voluminous melts generated during magmatic flare-up events (Burchfiel et al., 1992; 
Ducea, 2001).  Both the late-Jurassic and late-Cretaceous flare-up events observed in the 
Sierra Nevada temporally coincide with periods of regional compression (Dickinson, 
2004; DeCelles, 2004).  Specifically, the late-Cretaceous flare-up event correlates with 
the Sevier orogeny and crustal thickening driven by subduction-erosion and retro-arc 
thrusting (DeCelles, 2004).   The speculation that crustal thickening and the subsequent 
sourcing of flare-up magmas from lower crustal sources seems to be supported by 
isotopic data.  As previously mentioned, low εNd values observed in plutonic rocks 
emplaced during flare-up events indicate a more evolved source for the magmas.  
Furthermore, positive δO18 values and high 87Sr/86Sr also indicate that the source of 
magmas during flare-up events in the Sierra Nevada batholith were likely sourced in 
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greater amounts by melts generated in overlying continental crust and mantle lithosphere 
(Ducea and Barton, 2007 and references therein; Lackey et al., 2008).  
Trace elements in zircons offer an opportunity to test the cyclical flare-up models 
by helping establish the source and degree of fractionation of the melts that produced 
them (Profeta et al, 2015; Kirsch et al, 2016; Shea et al, 2018).  Recent flare-up models 
predict that melts produced during flare-up events are largely produced by the structural 
thickening of continental crust and the melting of lower crust materials (DeCelles, et al 
2009; DeCelles and Grahm, 2015).  It also stands to reason that as this lower crustal 
material is progressively melted, resulting melt should become increasingly fractionated 
over time.  We test these trends by investigating the trace element patterns in zircons of 
the Sierra Nevada batholith.  Specifically, we examine variations of U, Hf, Y and REEs 
with time.  Zircons ability to incorporate these trace elements during crystallization offer 
a way to view changing trace element abundances in melts.  Such changes reflect the 
processes involved in the melt genesis and evolution (Claiborne et al, 2006; 2010; Barth 
and Wooden, 2010).   
 
SAMPLE PREPARATION AND ANALYTICAL METHODOLOGY 
Twenty samples of the plutonic rocks of the central Sierra Nevada batholithic 
system were collected, prepared and analyzed for U-Pb and REE concentrations (figure 1, 
table 1).  Samples profiles were arranged in East-West oriented transects.  The 
northernmost samples were collected along the South Fork of the American River, near 
California State Highway 50 and the Desolation Wilderness, just north of Hwy 50.  The 
southernmost samples were collected from near the Merced River in Yosemite Valley.  
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Additional East-West transects include Hwy 120, the Tuolumne River, Hwy 108, the 
Mokelumne River, and Hwy 88.    
 All samples were collected in-situ, from outcrops.  Any weathered surfaces were 
removed or excluded from sample preparation.  The samples were crushed, milled and 
processed for zircon separation using standard techniques as outlined in chapter 1 of this 
thesis (i.e. density separation on a water table, magnetic separation on a Frantz device, 
and further density separation in MEI and bromoform).  The zircon separates were then 
mounted in epoxy and polished to reveal grain interiors.  These mounts were then imaged 
using a cathodoluminescence (CL) detector on a scanning electron microscope at the 
USGS microbeam laboratory in Denver, CO.  The grains were then analyzed using the 
USGS/Stanford Sensitive High Resolution Ion Microprobe - Reverse Geometry 
(SHRIMP-RG).  The ion microprobe technique allowed the minimally destructive, high 
resolution, and spatially constrained analysis (~25 μm spot size) of particular zones of 
the zircon grains for U, Th, Pb, Y, Hf and rare earth element (REE) concentrations.  Spot 
locations were selected using CL imagery to avoid large inclusions and areas of 
complicated or non-concentric zoning.  Supplemental file 1 includes imagery and spot 
locations for a selection of representative samples.  The SQUID2 software (Ludwig, 
2009) was used to reduce the raw data into isotopic ratios for the calculation of U/Pb ages 
and are reported in chapter 2 of this thesis (chapter 2, table 1).  Ages were standardized 
against the R33 zircon reference material from the Braintree Complex of Madagascar 
(Black et al., 2004).  Trace element concentrations were standardized against Madagascar 
Green (MAD) zircons (Mazdab and Wooden, 2006). Plots of REE concentrations were 
standardized against C1-chrondrite values (McDonough and Sun, 1995) and plotted using 
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the software package Isoplot v. 4.1?  (Ludwig, ????) and using the procedures outlined in 
Barth and Wooden (2006).  
 
RESULTS 
In zircons, the chondrite-normalized REE patterns are typically enriched in heavy 
REE (HREE) relative to light REE (LREE) owing to the increase in compatibility of the 
heavy REEs as ionic radii decrease (e.g. Shannon 1976, Hoskin and Schaltegger, 2003).  
The ionic radius of Zr4+ is 0.84 Å and the ionic radii of the trivalent REE decrease from 
1.160 Å (light REE La3+) to 0.977 Å (heavy REE Lu3+).  This pattern is observed in all 
analyses presented in this study (figure 2).  Two common exceptions to the chrondrite-
normalized REE pattern are found in Cerium and Europium as discussed below.  
Cerium and Europium 
The decrease in ionic radius of REEs from La3+ to Lu3+ (Shannon 1976) makes 
the substitution into the zircon structure progressively easier for the REE of higher 
atomic number (Nagasawa 1970, Watson 1980; Fujimaki 1986; Heaman et al. 1990; 
Hinton and Upton 1991; Hanchar et al. 2001).  This behavior typically leads to a general 
abundance increase from light to heavy REEs in zircon.  In most rock types (i.e. non-
mantle affinity), zircons exhibit variations in this general trend commonly occur for Ce, 
as a positive anomaly, and in Eu, as a negative anomaly.  In oxidizing conditions Ce3+ is 
oxidized to Ce4+ where it behaves more like Zr or Hf and is preferred by zircon over 
other LREE.  The preferential inclusion of Ce4+ leads to the positive Ce anomaly 
observed in crustal-affinity rocks.  Conversely, the absence of a positive Ce anomaly has 
been used to speculate about conditions of low oxidation state in parental magmas (e.g. 
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Hoskin and Schaltegger, 2003; Trail et al., 2012).  As shown in figure 2, all samples in 
this study show a positive Ce anomaly, thus indicating the lack of especially low 
oxidative state conditions during zircon formation.   




 , where the subscript N 
denotes chrondrite-normalized concentrations. Europium may exist in magmas as both a 
divalent and trivalent cation.  In conditions with low oxygen fugacity, Eu2+ substitutes for 
Ca in plagioclase.  However, fO2conditions where Eu2+ is stable should be incompatible 
with the presence of Ce4+.  As discussed by Maas et al. (1992), this consideration results 
in a paradox in which most crustal zircons exhibit both positive Ce anomalies (indicator 
of oxidative conditions) and negative Eu anomalies (indicator of reducing conditions).  
However, it has been speculated that plagioclase fractionation that depletes Eu from 
magma prior to the crystallization of zircon could result in both observed anomalies 
(Hoskin and Schaltegger, 2003 and references therein).  Titanite, which occurs 
extensively throughout the plutonic rocks of the Sierra Nevada batholith (Ross, 1989, 
Dodge et al., 1982) also serves as a Eu sink and it has been demonstrated that co-
crystallization of titanite and zircon can impart a negative Eu/Eu* (Loader et al., 2017).   
All zircons analyzed in this study display this pattern of positive Ce and negative 
Eu anomalies.  As illustrated in figure 3, we do recognize a time/(Eu/Eu*) correlation 
where decreasing Eu/Eu* with time leads to a minimum Eu/Eu* of 0.2-0.3 between 120 
and 110 Ma.  This is followed by an increase in Eu/Eu* values to 0.8 at about 90 Ma.  
Uranium, Thorium and Hafnium  
Zircons crystallized from granitoid melts typically exhibit Th-U ratios from 0.1 to 
1, showing that the zircon structure incorporates Uranium more easily than Thorium (e.g. 
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Hurley and Fairbairn, 1956; Belousova et al., 2002; Hanchar and Hoskin, 2003).  This 
pattern is consistent with this data set where a minimum Th/U of 0.3 and a maximum of 
1.0 is observed.  A maximum U concentration of 1679 ppm is observed in the youngest 
sample, SN08YH11 and a minimum of 83ppm is observed in SN08EW35.   
In zircon, Hf4+ can enter as a simple substitution for Zr (Hoskin and Schaltegger, 
2003) creating the zircon-hafnon solid solution (Zr,Hf)SiO4 where Hf commonly makes 
up 1-2 weight percent in granitoid zircons (e.g. Claiborne et al., 2006).  It has been 
suggested that Zr/Hf in zircon serves as a marker for magmatic evolution (Claiborne et 
al., 2006; 2010).  The underlying principle of this system relies upon the relative increase 
in Hf content in granitoid melts as crystallization of zircon proceeds in magmas where Si 
is saturated (otherwise Zr is incorporated into baddeleyite, augite or amphibole). To this 
end, decreased Zr/Hf ratios concentrations can be interpreted as conditions of increased 
fractionation of the magma source (Claiborne et al., 2006; 2010).  Hafnium 
concentrations presented here range from a low of 6247 ppm (SN08HH06, excluding an 
anomalously low value of 15 ppm in SN08YV03) to a high of 17135 ppm (SN08YH13).  
A characteristic trend in the data illustrated in figure 4 shows that Hf concentrations start 
at relatively high values (13917 ppm) in the oldest samples (168.4±1.6 Ma; SN08MD01) 
and systematically decrease to a minimum of about 7229 ppm (152.4±0.9 Ma; HH06) 
before increasing to higher values of about 15079 ppm in the youngest sample (88.8±0.8 






Melt Sources during the late-Cretaceous Flare-up 
Overall REE abundances and chondrite-normalized patterns have been shown to 
have little utility in differentiating non-MORB source terrains (Hoskin and Ireland, 
2000).  However, the ratios of certain trace element and REE have demonstrated 
usefulness in determining the source rock’s tectonic setting.  U/Yb, Hf, and Y, in 
particular, have been shown to be particularly useful in differentiating between MORB 
and continental and island arc systems (Grimes et al., 2007; 2015; Barth and Wooden, 
2010).  U and Yb share nearly equivalent compatibility in zircon with partition 
coefficients of 254 and 278 respectively (Bea et al., 1994).  However, U and Yb 
demonstrate disparate behavior in magmatic systems where U concentrations are 
typically enriched in continental environments and are depleted in MORB (Klein, 2003, 
Grimes et al, 2015).  The enrichment of U in continental rocks is due, in part, to the 
incorporation of subducted sediments, re-melting of subducted oceanic crust, and slab 
derived fluids that preferentially mobilize U and LREEs (Keleman et al., 2003).  As a 
result, trace elements in zircon such as heavy REE (e.g. Yb), Hf and Y can be relatively 
depleted in arc magmas.   Zircon’s ability to incorporate U, Yb, Hf and REE during 
crystallization provides an opportunity to model the relative abundances of U, Yb, Hf and 
REE in the melts.  In this way, zircon U/Yb plotted against Hf and Y concentrations have 
been demonstrated to help identify the tectono-magmatic setting of the zircons (Grimes et 
al., 2007; 2015). 
 It is well understood that the Sierra Nevada batholithic rocks were formed in a 
continental arc tectonic setting.  Therefore, the data presented here offers an opportunity 
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to supplement and possibly further validate the geochemical models of Grimes et al. 
(2015).  We recognize the ability of our dataset to validate the Grimes et al. (2015) 
models only extends as far as supporting the continental field and does not directly test 
the validity of the MORB fields.  Figure 5 is based on the zircon discrimination diagrams 
proposed in Grimes et al. (2007).  The data collected in this study shows (figure 5) that 
our samples lie entirely (with the exception of one analysis in each plot) within the 
continental fields of Grimes et al. (2007).  These results indicate that the melts from 
which the zircons crystallized were largely sourced by continental-affinity rocks rather 
than MORB basalts or asthenospheric mantle.   
These results are in agreement with other studies indicating that a significant 
proportion (~50% by mass or more) of Cretaceous melts produced in the California were 
sourced from recycled crust and lithospheric mantle.  This evidence comes from three 
distinct isotopic indicators:  
(1) Systematically low εNd values have been observed throughout the Cretaceous 
portions of the Sierra Nevada batholith, particularly during flare-up events (DePaolo, 
1981; Ducea and Barton, 2007; Cecil et al., 2012).  Downward excursions in εNd values 
(i.e. increasingly negative values) are well correlated with the late-Jurassic and late-
Cretaceous flare-up events (DePaolo, 1981; Ducea, 2001) and indicate a higher degree of 
melt sourcing from the overlying continental crust and less input from primitive mantle 
sources. 
(2) Strontium isotopes have been extensively measured in the Sierra Nevada (e.g. 
Kistler and Peterman, 1973; 1978; DePaolo, 1981; Cecil et al., 2012).  There is a regional 
trend in the Sierra Nevada with higher 87Sr/86Sr observed towards the east, identifying the 
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boundary between plutonic development in the Panthalassan accreted terranes to the west 
and Proterozoic lithosphere of North America to the east (Kistler and Peterman, 1973; 
1978).  Magmas emplaced during the late-Cretaceous flare-up have higher 87Sr/86Sr and 
indicate that they were either sourced within the Precambrian basement of the overlying 
lithosphere or incorporated a significant of more evolved lithosphere. 
(3) Oxygen isotope ratios (i.e. δ18O) are well suited to identify supracrustal 
signatures in magmatic sources owing to the low-temperature fractionation of 18O/16O, 
especially in the presence of water.  It has been demonstrated that melts generated during 
the late-Cretaceous flare-up show general increases in δ18O (figure 13 in Lackey et al., 
2008), thus indicating an increased input of rocks influenced by near surface conditions 
(e.g. metasedimentary rocks of the overlying continental lithosphere).   
Temporal Variation of Fractionation Patterns  
It has been demonstrated that magmatic arc systems often undergo multi-phase 
emplacement histories with complex interplay of replenishment and fractionation. 
(Coleman et al., 2004; Glazner et al., 2004; Claiborne et al., 2010; Memeti et al., 2010; 
Schwartz et al., 2014).  In these systems, variations in temperature and chemistry can 
result in complex zonation within single zircon grains (Hanchar and Miller, 1993; 
Claiborne et al, 2006).  Such variations can mask the long-term changes that occur during 
the construction of larger, regional-scale magmatic systems such as the Sierra Nevada 
batholith.  Our attempt here is to identify changes in magmatic fractionation patterns 
throughout the Cretaceous.  To accomplish this, our analysis of trace elements in zircon 
avoided grain cores and rims, which can complicate the interpretation of data due to the 
presence of inherited cores (antecrysts) and the refractory (i.e. late) stages of batholithic 
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construction.  Our sample set also covers a relatively large region and incorporates 
samples from several intrusive suites.  As a result, we are able to assess the long-term 
fractionation trends associated with construction of the central Sierra Nevada batholithic 
system.  Figure 4 shows decreasing Hf concentration and decreasing Ce/Gd with with 
from  ~170 Ma to ~125 Ma.  In these plots, individual analyses were divided into 10 my 
groups and differentiated by plot symbols.  The highest observed Ce/Gd and Hf 
concentrations were observed in the youngest and oldest samples (i.e. (<100 Ma and 
>139 Ma).  Figure 6 outlines the U/Yb trend with time, where a trend reversal is observed 
at ~120 Ma.  We interpret these results to indicate a trend of decreasing fractionation of 
magmas from ~170 Ma to ~125 Ma and an increase in fractionation from ~125 Ma until 
~87 Ma.  
Implications for Episodic Flare-up models 
It has been suggested that cordillera-style magmatic systems undergo episodic 
flare-up events in response to cyclical changes in subduction mechanics and the structural 
evolution of the region (Ducea, 2001; Ducea and Barton, 2007; Ducea et al., 2015, 
DeCelles et al., 2009; DeCelles and Graham, 2015).  As discussed earlier, it is apparent 
that the magmas generated during flare-up events incorporate higher amounts of crustal 
material (this study; Ducea, 2001).  We also understand that flare-up events typically 
occur in compressive convergent tectonic regimes (DeCelles et al., 2009).  These 
observations have led to the postulation that structural thickening, driven primarily by 
thrusting in the foreland, is responsible for the thickening of the lithosphere and 
subsequent anatexis of the lower crust of the overriding plate (DeCelles et al. 2009, 
DeCelles and Graham, 2015; Ducea et al., 2015).  
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Anatexis, as a result of crustal thickening, has been well documented in multiple 
orogenic regimes where lithosphere-scale thrusting leads to structural burial of the lower 
crust (e.g. Sawyer et al., 2011; Jamieson et al., 2011, Schwindinger and Weinberg, 2017).  
Such environments are well documented in continental collision environments (e.g. 
Dabie-Sulu of China, Western Gneiss Region of Norway, Himalaya of South Asia, Alps 
of western Europe) (Acosta-Vigil et al., 2010; Chen et al., 2015; Zheng et al., 2001 and 
references therein) but are less documented in the overlying lithosphere of continental 
arcs.  In these environments, elevated temperatures as a result of structural burial lead to 
the partial melting of lower crust rocks. In the absence of continued structural 
displacement or the continuous addition of volatiles (e.g. H2O), the relatively stable 
reservoir of the lower crust would be expected to produce melts that display trends 
toward higher fractionation as melts are progressively extracted from the lower crust 
(Kay and Kay, 1991).  In the central Sierra Nevada, it has been suggested that the 
eventual exhaustion of lower-crust volatiles in the final stages of the late Cretaceous 
flare-up led to an infertile and melt drained lower crust, thus ending the flare-up event at 
~85Ma. (Ducea, 2001).   
Our interpretation of the zircon trace element patterns presented in this study is 
that change in fractionation of the various melts of the Sierra Nevada arc that occurred at 
about 120 Ma and represents a trend towards increasing amounts of lower-crust derived 
melts through the late Cretaceous flare-up.  As figures 4 and 6 demonstrate, zircon trace 
element data show a trend that indicates increasing fractionation of the parental melts 
starting at 120 Ma and continuing through the late-Cretaceous magmatic flare-up until the 
end of magmatic emplacement at about 85 Ma.  Although it is difficult to quantify the 
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amount of fractionation of the melts produced from trace element patterns presented here, 
the dataset offers qualitative evidence of the increasing fractionation in melts throughout 
the late-Cretaceous flare-up.   
Timing of the ‘late’ Cretaceous Flare-up 
DeCelles (2004) points out that the periods of most rapid shortening were during 
the Early Cretaceous (~140-110 Ma) and the Late Cretaceous-Eocene (~85-55 Ma) and 
outlines a poor correlation between magmatic flare-up events (at 160-150 Ma and 100-85 
Ma) and periods of rapid shortening.  It is apparent, therefore, that the link, if any, 
between crustal shortening/thickening and flare-up events is indirect. The data presented 
here indicate that magma fractionation, as indicated by an inflection of the U/Yb vs age 
(figure 6) trend, began during the magmatic lull about 15-20 m.y. before the initiation of 
the commonly reported (i.e. Ducea et al, 2001) late-Cretaceous magmatic flare-up ages 
for the Sierra Nevada.  It has been suggested that the delayed onset of voluminous 
magmatic production post-dates rapid thickening due to the relaxation of geotherms in 
the cooler underthrust lithosphere (Glazner and Bartley, 1985). They calculate that the 
time to restore ‘normal’ geothermal gradients to a 35 km thick thrust sheet with 
characteristics of the California Arc would be ~10-35 m.y., thus providing a mechanism 
for the delayed onset of magmatism of about 15-20 m.y.  However, this explanation does 
not account for the delayed onset of voluminous magmatism that would be excepted as a 
result of structural thickening in the >25 m.y. of rapid shortening that occurred since the 
initiation of rapid shortening. 
In an effort to further understand the relationship between timing of the late-
Cretaceous flare-up and the end of rapid shortening and crustal thickening, we compiled 
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zircon U-Pb ages from the central Sierra Nevada (this study, chapter 2) and Cecil et al. 
(2012) and inspected the frequency of ages relative to the apparent intrusive flux of 
Ducea (2001).  We find significant mismatch between the age histograms of the northern 
Sierra Nevada and the flux calculations (Figure 7).  Specifically, the histogram of 
northern Sierra Nevada ages indicates that the Cretaceous flare-up event was initiated 
about 15-20 m.y. earlier than in the southern Sierra Nevada.  While the time span of the 
late-Cretaceous flare-up event is certainly well understood in the southern Sierra Nevada, 
we suggest that a sample bias exists, owing to the greater sample density in the southern 
Sierra Nevada.  When considering the data presented here from the northern Sierra 
Nevada, it appears that the Cretaceous flare-up event started in the northern Sierra 
Nevada at ~120 Ma and spread south over a 10-15 m.y. time span before ending in the 
south at ~85 Ma.  These findings agree with fractionation indicators discussed above.  
The inflection point between early Cretaceous patterns of decreasing fractionation to late 
Cretaceous patterns of higher fractionation occurs at ~120 Ma; precisely the time at 
which the age histogram of the central/northern samples indicates the initiation of rapid 
emplacement in that region (figure 7).  We therefore suggest that the ‘late’ Cretaceous 
flare-up occurred over longer time span and in more spatially complicated fashion than 
previously appreciated.  
 
CONCLUSIONS 
 It has been well documented that the plutonic rocks of the Sierra Nevada were 
sourced by a mixture of melts from the asthenospheric mantle and the overlying 
lithosphere as indicated by trace element and isotopic studies (e.g. Kistler and Peterman, 
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1973; 1978; DePaolo, 1981; Ducea, 2001; Cecil et al., 2012).  The balance of input from 
each of these sources has been shown to vary with time and location, such that the 
Jurassic plutons on the western flanks of the batholith exhibit more primitive isotopic 
signatures and the portions of the batholithic system along the modern range crest exhibit 
more evolved, crustal, signatures (DePaolo, 1981, Cecil et al., 2012).  We augment these 
finding by investigating the trace element abundances in zircon from surface samples in 
the central Sierra Nevada.  Our data reveal that the magmas generated throughout the 
Cretaceous show trace element ratios indicative of evolved arc-sourced melts with 
variable degrees of fractionation.  Our data also indicate a systematic change in 
fractionation of the melts with time.  From the early Cretaceous until ~120Ma, trace 
element markers indicate decreased fractionation and indicate the increasing addition of 
less evolved, asthenosphere-sourced melts.  However, after ~120Ma, our data indicate an 
increasing trend of fractionation in melts.  Fractionation increased throughout the late-
Cretaceous flare-up.  We interpret these results as a system of increased production of 
melts in the lower crust.   
These findings support the hypothesis (see DeCelles and Graham, 2015) that structural 
thickening of the lithosphere in the middle Cretaceous drove anatexis of the thickened 
crust and resulted in voluminous magmatic production in the late Cretaceous.  We also 
find that the ‘late’ Cretaceous flare-up event occurred over a longer time period than 
previously described; initiating at ~120 Ma in the northern Sierra Nevada before 
initiation in the southern Sierra Nevada at ~105 Ma.  These results indicate a southern 
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Chapter 3 Figure Captions 
 
Figure 3.1. Generalized geologic map of the central Sierra Nevada Range, showing 
sample locations for this study. Samples extend from the south fork of the American 
River drainage in the North to the Merced River drainage in the South.  All samples were 
collected from surface exposure of plutonic rocks of the Sierra Nevada batholithic 
complex.  Samples presented in this study are shown as red circles; age data from 
samples presented by Cecil et al (2012) are designated by blue circles. 
 
Figure 3.2.  Sample averaged chondrite-normalized REE plots.  REE abundances were 
collected from single spots on multiple grains per sample.  All samples showed typical 
continental zircon REE behavior where positive REE slope with the heavier REEs 
occurring in higher concentrations than the light REES. All REE patterns exhibit a 
positive Ce anomaly and negative Eu anomaly.  REE concentrations were standardized 
against C1-chrondrite values (McDonough and Sun, 1995). 
 
Figure 3.3.  Plot of Europium anomaly against age.  Two hundred sixty seven individual 
analyses, representing 20 samples, are shown.  The red line indicates a qualitative 
representation of data trends.  The dashed red line illustrates a possible secondary trend in 
the late Cretaceous.  The Cretaceous and Jurassic flare-up events are represented by blue 
fields. 
 
Figure 3.4.  Fractionation markers (U/Yb vs Ce/Gd and [Hf]).  Different symbols denote 
10 my age brackets for the 267 analyses shown.  As figure 5 illustrates a trend of 
decreasing U/Yb and Hf reverses at ~120Ma towards increasing U/Yb.  An analogous 
reversal occurs in Hafnium concentration and Ce/Gd (a measure of REE slope from light 
REE to midweight REE).  Greater Hafnium concentrations and greater Ce/Gd indicate 
greater fractionation (Barth and Wooden, 2010). 
 
Figure 3.5. Geochemical discriminant diagrams for zircon from Grimes et al. (2007).  267 
individual analyses from 20 samples are shown.  The data presented in this study show 
consistent affinity for continental-type parental melts during crystallization of zircon.  
These results are in agreement with the Grimes et al. (2007) provenance models insofar 
as the continental arc fields are defined. 
 
Figure 3.6. U/Yb trends with time for 267 analyses from 20 samples.  Two systematic 
trends in the data are observed: (1) a pre-120Ma trend towards less fractionated melts and 









Figure 3.7. Compiled age, fractionation and apparent intrusive flux data.  U-Pb ages from 
the central and northern Sierra Nevada batholith are compiled into a histogram.  In total, 
37 samples are included and show a contrasting profile to the apparent intrusive flux of 
Ducea (2001). Increased U/Yb in the central Sierra Nevada temporally corresponds with 
an increased occurrence of U-Pb ages in the central to northern extents of the Sierra 
Nevada batholith.  We suspect a sampling bias is responsible for the mismatch observed 
between the histogram of central/northern Sierra Nevada ages and the apparent intrusive 
flux.  A greater number of ages are available from the southern extents of the range.  We 
suggest that the late-Cretaceous flare-up was initiated in the north about 10-15 my before 
































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Supplemental Table SP3.2. Individual analysis trace element data
La Ce Nd Sm Eu Gd Dy Y Er Yb
SN08AR04
1 0.07 22.24 3.42 19.53 20.84 105.4 281.6 490.2 813.4 1740.5
10 0.07 24.57 1.52 11.54 9.80 70.5 209.0 376.5 640.3 1423.2
11 0.05 19.25 0.57 5.24 5.27 35.8 129.1 268.6 471.0 1149.8
12 0.11 35.07 2.85 17.94 18.05 99.7 326.7 620.5 1050.4 2337.6
2 0.11 21.31 0.44 4.14 4.25 29.8 107.4 209.0 365.1 848.9
3 0.11 24.05 1.92 13.29 15.56 80.3 251.9 461.5 797.4 1850.3
4 0.04 23.33 0.72 7.71 7.31 49.4 174.9 347.7 610.1 1393.4
5 0.05 27.56 0.66 6.42 5.27 43.7 141.6 272.5 473.0 1139.3
6 0.04 18.11 0.34 2.95 2.84 20.5 89.4 170.7 305.4 760.9
7 0.09 24.26 0.90 7.25 6.46 52.1 155.1 264.3 440.4 884.0
8 0.06 14.38 0.48 3.89 4.69 34.0 119.6 244.1 428.7 1091.1
9 0.07 18.14 0.94 7.94 9.79 56.7 191.2 358.1 627.7 1499.6
avg 0.07 22.69 1.23 8.99 9.18 56.5 181.5 340.3 585.2 1343.2
SN08AR06
1 0.10 27.58 0.99 6.46 7.68 45.5 167.8 359.8 590.3 1386.7
10 0.06 20.15 0.45 4.05 5.82 32.6 112.2 216.7 367.2 876.7
11 5.77 46.03 2.71 9.52 8.50 57.7 202.4 369.1 643.7 1445.9
12 0.12 18.71 0.69 4.57 4.69 29.1 100.5 191.0 321.5 755.2
13 0.09 21.50 0.55 4.29 4.81 33.9 129.9 260.7 468.6 1200.9
14 0.10 33.79 1.10 8.52 9.09 62.3 231.7 461.5 805.6 1899.9
15 0.07 28.35 0.97 8.98 9.16 60.8 232.4 474.3 847.7 1975.3
16 0.07 34.68 1.27 10.12 10.96 64.7 258.6 477.4 837.4 1877.2
2 0.16 38.78 0.92 7.79 6.91 47.8 176.8 331.0 572.0 1312.4
3 0.08 25.21 0.87 6.94 7.69 51.4 171.4 339.8 574.7 1326.7
4 0.07 21.70 0.76 6.03 5.76 42.8 152.3 296.2 505.9 1144.8
5 0.24 18.97 0.78 5.23 5.08 32.9 113.2 218.9 380.9 912.6
6 0.05 30.25 0.96 8.05 8.33 56.1 218.6 455.0 809.6 1861.1
7 0.31 17.25 0.60 4.50 4.69 31.4 105.2 199.3 346.2 805.9
8 0.08 18.35 2.20 14.86 14.87 88.5 256.1 461.0 778.8 1666.8
9 0.05 22.15 0.36 3.91 4.59 32.3 124.5 241.2 425.6 1038.4












Supplemental Table SP3.2. Individual analysis trace element data
La Ce Nd Sm Eu Gd Dy Y Er Yb
SN08AR11
1 0.07 25.37 2.13 13.88 16.58 74.4 233.4 420.8 735.0 1688.0
10 0.15 18.16 4.77 21.58 33.40 99.0 259.2 464.3 751.1 1584.0
11 0.06 8.98 0.17 1.26 2.33 9.9 39.4 80.4 142.4 386.8
12 0.05 11.89 0.22 2.43 3.89 17.0 61.5 118.5 208.8 529.7
13 0.33 13.39 0.82 6.26 9.80 30.8 123.0 258.5 463.3 1165.3
14 0.09 10.01 0.28 1.30 3.47 11.9 50.1 96.6 177.4 470.8
15 0.25 41.60 10.67 52.92 92.88 239.7 543.8 892.9 1472.1 2959.2
16 0.15 17.33 3.74 16.87 25.86 77.4 198.8 351.8 593.9 1240.4
2 0.13 15.27 3.09 15.36 23.14 74.3 184.4 340.8 552.6 1169.5
3 0.07 13.01 0.22 2.17 4.19 16.6 60.7 122.9 213.2 543.5
4 0.10 16.71 2.79 15.51 21.84 72.0 186.5 328.8 538.8 1144.4
5 0.08 17.17 2.38 15.48 23.43 70.4 183.4 312.7 517.4 1100.1
6 0.07 18.75 3.44 18.02 25.50 83.7 204.6 362.7 593.3 1243.1
7 0.09 16.67 1.27 7.43 14.03 49.5 173.1 369.8 637.3 1590.6
8 0.07 15.50 1.77 11.32 19.29 61.9 166.7 300.1 495.6 1096.2
9 0.17 18.14 4.72 24.81 38.75 107.8 276.8 480.6 787.8 1607.9
avg 0.12 17.37 2.65 14.16 22.40 68.5 184.1 331.4 555.0 1220.0
06-EW35
1 0.04 30.62 0.76 9.59 4.56 53.3 196.3 332.0 579.5 1066.5
2 0.30 27.09 8.61 42.03 27.75 189.6 531.6 815.4 1353.2 2132.8
3 0.10 24.16 5.75 33.45 22.05 161.8 445.2 665.8 1088.0 1714.6
4 0.11 26.09 0.59 5.59 3.91 43.0 154.7 264.6 456.9 867.1
5 0.08 17.10 0.63 5.16 4.17 38.2 133.8 234.6 409.2 775.3
6 0.03 25.68 0.47 5.20 3.57 36.3 148.3 254.3 454.1 862.2
7 0.09 21.35 0.52 4.55 3.58 31.7 123.3 216.5 377.9 740.3
8 0.05 25.21 0.64 6.12 4.66 44.6 161.7 274.2 473.9 869.5
9 0.06 25.72 0.52 5.76 4.07 40.4 159.3 269.8 474.0 895.0
10 0.08 22.00 3.29 22.45 16.61 129.2 361.1 550.3 897.0 1445.8








La Ce Nd Sm Eu Gd Dy Y Er Yb 
	  	  
          06-EW39 
         1 0.08 29.34 0.41 3.32 6.27 19.0 71.8 156.3 258.7 727.3 
2 0.06 23.04 0.28 2.37 5.20 15.3 50.5 114.1 189.5 538.7 
3 0.05 18.33 0.28 2.53 4.80 15.6 64.5 149.7 257.5 790.5 
4 0.07 33.00 0.37 2.94 6.00 17.7 74.6 172.7 293.9 851.3 
5 0.11 23.24 0.39 3.27 7.37 23.2 79.9 177.6 307.5 914.2 
6 0.08 30.38 0.48 3.64 7.09 23.6 72.2 144.6 244.8 658.9 
7 0.09 51.82 0.51 4.08 6.99 26.3 89.0 215.7 348.7 1054.6 
8 0.08 24.98 0.33 2.44 5.10 17.3 50.8 103.2 175.8 482.1 
avg 0.08 29.27 0.38 3.07 6.10 19.8 69.2 154.2 259.6 752.2 
  
          SN08HH06 
         1 0.07 10.43 0.24 1.02 4.26 9.6 44.8 107.5 197.9 683.4 
2 0.18 9.05 1.07 5.03 13.80 30.1 101.4 179.6 325.0 807.9 
3 0.14 16.56 0.82 6.26 17.48 54.6 199.0 372.6 669.8 1558.0 
4 0.22 14.71 1.51 7.62 20.94 59.1 220.5 399.2 731.5 1716.8 
5 0.31 12.24 1.19 6.67 17.39 50.7 166.6 297.5 545.2 1306.2 
6 0.17 7.03 0.92 4.93 10.53 25.6 76.8 135.0 244.2 591.8 
7 0.13 8.30 0.17 1.85 4.19 16.7 78.2 167.1 331.6 915.6 
8 0.24 10.62 1.50 6.90 16.74 38.1 116.1 201.7 367.8 885.3 
avg 0.18 11.12 0.93 5.04 13.17 35.5 125.4 232.5 426.6 1058.1 
                      
SN08HH07 
         1 0.10 21.92 0.80 6.38 6.22 45.1 167.0 315.8 554.8 1192.4 
2 0.20 15.53 5.53 35.66 28.13 218.6 636.9 952.0 1607.4 2583.1 
3 0.08 20.59 2.44 21.04 15.16 142.8 411.2 636.5 1029.3 1667.7 
4 0.11 19.66 0.47 4.33 3.98 31.6 119.0 238.9 429.2 1073.4 
5 0.10 15.86 0.37 4.21 2.87 29.3 118.8 259.2 468.4 1197.8 
6 0.09 10.21 2.98 21.69 23.02 128.8 349.2 517.7 875.0 1451.0 
7 0.13 9.44 3.29 19.52 21.23 103.5 280.4 469.0 812.7 1531.1 
8 0.09 24.20 0.70 5.71 4.27 38.6 150.7 297.8 511.4 1177.3 
9 0.14 27.68 2.86 22.27 13.82 160.4 462.0 732.2 1206.1 1962.6 
10 0.13 25.57 0.61 5.91 5.07 39.3 150.4 302.9 532.8 1268.1 
11 0.09 21.85 4.71 35.71 27.24 216.0 618.3 986.3 1611.6 2626.9 
12 0.15 18.00 5.71 36.86 31.21 226.6 661.0 1023.2 1716.1 2914.1 








La Ce Nd Sm Eu Gd Dy Y Er Yb 
	  	  
          06-EW39 
         1 0.08 29.34 0.41 3.32 6.27 19.0 71.8 156.3 258.7 727.3 
2 0.06 23.04 0.28 2.37 5.20 15.3 50.5 114.1 189.5 538.7 
3 0.05 18.33 0.28 2.53 4.80 15.6 64.5 149.7 257.5 790.5 
4 0.07 33.00 0.37 2.94 6.00 17.7 74.6 172.7 293.9 851.3 
5 0.11 23.24 0.39 3.27 7.37 23.2 79.9 177.6 307.5 914.2 
6 0.08 30.38 0.48 3.64 7.09 23.6 72.2 144.6 244.8 658.9 
7 0.09 51.82 0.51 4.08 6.99 26.3 89.0 215.7 348.7 1054.6 
8 0.08 24.98 0.33 2.44 5.10 17.3 50.8 103.2 175.8 482.1 
avg 0.08 29.27 0.38 3.07 6.10 19.8 69.2 154.2 259.6 752.2 
  
          SN08HH06 
         1 0.07 10.43 0.24 1.02 4.26 9.6 44.8 107.5 197.9 683.4 
2 0.18 9.05 1.07 5.03 13.80 30.1 101.4 179.6 325.0 807.9 
3 0.14 16.56 0.82 6.26 17.48 54.6 199.0 372.6 669.8 1558.0 
4 0.22 14.71 1.51 7.62 20.94 59.1 220.5 399.2 731.5 1716.8 
5 0.31 12.24 1.19 6.67 17.39 50.7 166.6 297.5 545.2 1306.2 
6 0.17 7.03 0.92 4.93 10.53 25.6 76.8 135.0 244.2 591.8 
7 0.13 8.30 0.17 1.85 4.19 16.7 78.2 167.1 331.6 915.6 
8 0.24 10.62 1.50 6.90 16.74 38.1 116.1 201.7 367.8 885.3 
avg 0.18 11.12 0.93 5.04 13.17 35.5 125.4 232.5 426.6 1058.1 
                      
SN08HH07 
         1 0.10 21.92 0.80 6.38 6.22 45.1 167.0 315.8 554.8 1192.4 
2 0.20 15.53 5.53 35.66 28.13 218.6 636.9 952.0 1607.4 2583.1 
3 0.08 20.59 2.44 21.04 15.16 142.8 411.2 636.5 1029.3 1667.7 
4 0.11 19.66 0.47 4.33 3.98 31.6 119.0 238.9 429.2 1073.4 
5 0.10 15.86 0.37 4.21 2.87 29.3 118.8 259.2 468.4 1197.8 
6 0.09 10.21 2.98 21.69 23.02 128.8 349.2 517.7 875.0 1451.0 
7 0.13 9.44 3.29 19.52 21.23 103.5 280.4 469.0 812.7 1531.1 
8 0.09 24.20 0.70 5.71 4.27 38.6 150.7 297.8 511.4 1177.3 
9 0.14 27.68 2.86 22.27 13.82 160.4 462.0 732.2 1206.1 1962.6 
10 0.13 25.57 0.61 5.91 5.07 39.3 150.4 302.9 532.8 1268.1 
11 0.09 21.85 4.71 35.71 27.24 216.0 618.3 986.3 1611.6 2626.9 
12 0.15 18.00 5.71 36.86 31.21 226.6 661.0 1023.2 1716.1 2914.1 









Supplemental Table SP3.2. Individual analysis trace element data
La Ce Nd Sm Eu Gd Dy Y Er Yb
SN08MH01
1 0.10 36.64 1.07 8.67 5.01 67.8 229.6 391.6 663.4 1206.8
2 0.13 24.29 0.63 7.00 4.69 52.5 184.8 313.2 539.2 958.4
3 0.05 32.60 0.99 7.34 4.51 60.3 208.0 347.4 600.9 1080.5
4 0.06 20.96 0.72 7.89 8.40 74.4 280.1 456.1 778.8 1306.8
5 0.09 19.92 1.20 12.13 8.83 91.0 271.3 403.3 679.9 1102.6
6 0.05 38.28 0.76 6.84 3.15 56.2 208.6 358.5 621.6 1208.5
7 0.21 28.72 2.52 19.87 13.36 132.9 365.5 557.3 917.2 1519.2
8 0.06 31.87 3.30 24.47 13.32 167.9 471.4 701.3 1141.5 1771.3
9 0.03 36.85 0.60 7.51 4.05 69.1 245.4 437.5 738.9 1405.4
10 0.13 29.71 1.31 10.16 6.47 80.0 258.4 449.6 768.0 1410.1
11 0.10 37.62 1.09 9.25 4.55 64.2 241.0 412.5 709.6 1360.9
12 0.09 25.88 1.62 14.88 8.71 92.3 291.8 451.5 776.8 1329.3
avg 0.09 30.28 1.32 11.33 7.09 84.0 271.3 440.0 744.7 1305.0
SN08MH05
1 0.27 32.18 8.92 38.46 20.28 209.3 483.7 725.7 1116.7 1673.9
2 0.11 31.30 5.40 33.36 17.02 184.7 466.4 685.9 1058.2 1582.3
3 0.11 27.81 2.53 17.03 10.54 134.0 379.4 565.8 888.9 1418.5
4 0.07 32.86 5.75 33.96 17.70 188.2 465.2 681.0 1045.8 1564.9
5 0.13 38.58 2.93 22.87 12.36 174.5 475.6 717.0 1163.3 1787.3
6 0.05 37.78 4.22 30.32 15.88 193.5 502.6 744.5 1156.6 1752.4
7 0.07 29.17 1.99 18.79 10.35 143.5 398.4 605.9 958.1 1509.3
8 0.06 31.65 2.62 19.53 12.69 139.4 409.2 617.7 1000.1 1570.7
9 0.15 30.25 6.87 38.31 20.56 192.7 482.6 694.8 1095.3 1643.4
10 0.08 31.49 3.12 22.78 12.84 155.8 422.6 637.3 993.7 1545.0





Supplemental Table SP3.2. Individual analysis trace element data
La Ce Nd Sm Eu Gd Dy Y Er Yb
SN08MH11
1 0.10 22.06 0.93 5.62 8.13 45.4 196.4 409.6 747.6 1787.8
2 2.07 24.79 2.62 7.12 9.22 34.3 139.6 279.2 511.5 1250.1
3 0.08 13.19 2.86 15.99 20.28 90.6 252.3 414.0 726.1 1422.8
4 0.11 13.17 2.91 15.31 20.47 80.9 240.3 387.0 684.3 1378.9
5 0.10 18.61 0.53 3.43 4.38 31.9 119.5 238.4 433.4 1006.7
6 0.06 12.85 1.93 12.90 18.98 75.9 213.6 354.8 610.9 1215.3
7 0.05 18.47 0.63 5.06 6.51 36.7 147.6 310.6 573.0 1399.5
8 0.20 20.00 1.17 8.16 10.39 51.6 203.9 386.3 717.0 1632.3
9 0.06 10.39 0.62 5.51 10.49 40.5 134.6 238.1 439.0 952.1
10 0.09 19.62 0.83 5.15 8.07 40.1 168.2 328.1 602.8 1474.0
11 0.10 18.24 0.81 6.65 8.40 46.3 173.8 337.6 636.9 1524.3
12 0.08 12.32 1.83 12.22 18.32 76.6 218.3 349.1 613.4 1213.9
13 0.09 12.76 1.36 11.10 15.64 65.6 194.9 330.3 567.7 1158.9
14 0.09 17.08 0.79 5.61 9.78 42.3 180.0 353.5 662.5 1577.2
15 0.50 14.95 1.46 8.43 12.41 54.9 171.0 306.4 535.3 1262.2
16 0.11 12.45 2.56 15.79 20.98 82.1 246.4 397.1 690.3 1333.7
17 0.10 21.08 0.59 5.49 5.52 37.5 145.0 269.1 493.9 1128.7
18 0.10 11.77 1.93 12.19 17.11 71.4 207.0 334.9 584.6 1176.3
19 0.06 14.12 0.38 2.73 5.03 21.7 89.0 167.0 306.5 750.3
20 0.07 19.93 0.96 5.85 7.36 44.8 174.9 347.9 653.6 1566.4
avg 0.21 16.39 1.39 8.52 11.87 53.6 180.8 326.9 589.5 1310.6
SN08RM01
1 0.15 101.95 7.56 58.00 89.86 384.9 1395.2 2691.7 4616.8 10016.4
2 0.10 55.53 3.59 29.76 47.87 188.7 737.4 1462.5 2520.3 5796.1
3 0.04 17.37 0.71 5.73 5.05 35.0 134.2 260.2 465.0 1146.4
4 0.09 48.25 0.93 7.88 8.31 67.8 264.7 505.9 878.8 2023.1
5 0.10 2.62 0.02 0.12 0.36 1.1 13.2 39.5 100.6 453.0
6 0.09 10.13 4.44 25.42 35.27 132.4 393.7 636.4 1086.9 2149.0
7 1758.03 958.57 260.36 185.98 132.78 274.3 308.4 718.0 914.0 2164.8
8 0.10 59.63 3.69 24.64 50.92 184.8 718.6 1454.4 2524.9 5891.9
9 0.12 6.21 0.09 0.77 2.23 6.8 39.0 94.5 186.7 584.1
10 0.08 20.47 1.16 9.59 20.14 66.3 282.5 605.0 1091.9 2859.7
11 0.08 7.45 0.62 4.48 5.14 23.6 84.8 206.5 415.2 1233.7
12 0.10 16.05 2.05 16.64 20.46 117.0 412.8 716.4 1269.2 2588.9
13 0.10 127.40 9.23 66.01 105.09 423.0 1574.8 2926.8 4951.6 10250.6







Supplemental Table SP3.2. Individual analysis trace element data
La Ce Nd Sm Eu Gd Dy Y Er Yb
SN08RM10
1 0.07 24.55 0.79 8.10 3.22 56.7 235.3 418.3 766.6 1543.3
2 0.05 23.14 1.04 12.93 2.98 105.7 436.7 754.1 1366.9 2486.3
3 0.42 35.13 2.93 20.50 15.26 125.7 480.4 830.0 1505.6 3102.9
4 0.05 14.05 0.33 5.77 2.56 47.4 242.2 503.2 921.8 2134.8
5 0.07 16.00 1.24 11.22 6.30 66.4 240.0 428.8 727.1 1430.8
6 0.10 26.93 0.88 9.70 4.23 72.5 308.2 551.5 1030.5 2088.5
7 -0.09 32.27 4.74 30.42 17.13 161.7 527.3 870.5 1493.8 2802.4
8 0.09 24.46 0.56 7.59 2.03 65.3 297.6 572.2 1047.7 2267.6
9 0.08 23.63 0.63 7.25 3.46 57.4 272.8 527.5 955.3 2055.8
10 5.21 39.57 15.41 29.21 17.96 85.2 285.1 601.8 1015.8 2466.2
11 0.09 26.58 0.63 7.90 3.96 60.5 300.2 580.4 1052.4 2312.4
12 0.11 48.09 2.76 25.86 9.14 186.0 661.3 1003.0 1769.4 2915.0
13 0.33 27.11 11.33 63.79 78.63 294.6 776.3 1220.1 1982.8 3835.0
14 0.07 21.31 1.27 10.37 5.23 66.4 273.7 428.1 769.1 1384.5
15 1.50 137.68 54.62 216.08 330.35 749.3 1473.4 2012.0 3002.1 5007.2
avg 0.54 34.70 6.61 31.11 33.50 146.7 454.0 753.4 1293.8 2522.2
SN08TD04
1 7.75 45.91 12.75 33.61 12.73 94.3 285.1 545.9 934.5 2047.2
2 0.06 12.62 0.17 2.13 0.49 25.8 146.6 305.7 578.3 1344.5
3 0.08 40.10 1.86 15.49 5.93 116.1 434.3 742.6 1272.9 2299.5
4 0.13 27.83 0.63 6.72 3.96 59.6 235.5 450.9 794.0 1785.2
5 0.26 27.30 1.20 11.51 7.32 67.9 300.0 622.8 1118.7 3040.0
6 0.14 35.91 1.05 15.69 5.16 103.8 436.9 781.8 1384.6 2729.2
7 0.03 31.28 0.84 7.86 2.89 60.4 270.4 536.7 961.3 2167.8
8 0.16 21.46 0.45 5.89 2.81 46.4 262.9 565.0 1010.5 2537.1
9 0.54 49.37 18.50 105.06 104.69 506.4 1207.3 1808.2 2856.6 5023.3
10 0.12 30.68 1.64 17.60 6.09 121.4 421.9 679.4 1179.4 2037.5
11 0.12 19.10 0.33 5.39 2.02 51.4 260.6 523.1 951.8 2112.5
12 1.62 18.83 1.86 12.45 2.90 92.4 425.1 776.1 1424.0 2781.7
13 14.48 57.39 11.46 23.99 8.32 103.4 394.3 742.4 1320.2 2905.4
14 0.10 20.56 0.57 5.57 5.49 41.2 168.3 334.1 592.0 1375.2
15 0.12 24.76 0.65 6.33 3.89 48.2 207.0 400.0 707.6 1583.1






Supplemental Table SP3.2. Individual analysis trace element data
La Ce Nd Sm Eu Gd Dy Y Er Yb
SN08YH05
1 0.19 54.68 5.52 32.77 12.46 134.5 286.1 476.9 718.4 1350.1
2 0.11 56.36 5.92 38.12 19.50 160.3 365.8 523.0 940.2 1834.2
3 0.12 51.45 3.32 28.12 12.64 126.7 267.0 427.2 657.6 1238.9
4 0.21 62.17 5.82 36.02 14.74 164.7 368.1 566.2 891.7 1683.2
5 0.09 54.03 3.68 27.08 11.81 128.8 275.1 438.4 662.4 1264.8
6 0.12 57.54 4.46 31.22 12.48 136.3 298.1 473.6 713.6 1352.1
7 0.11 49.83 2.50 21.64 9.26 103.2 229.5 372.9 563.2 1091.4
8 0.18 59.49 6.72 36.27 15.27 150.2 352.4 558.6 861.3 1607.7
9 0.07 53.08 2.73 22.89 10.42 116.6 265.5 421.4 641.3 1233.0
10 0.16 66.13 6.17 37.30 13.72 156.4 357.4 564.9 860.5 1664.0
11 0.08 47.98 1.02 9.62 4.35 48.3 130.9 239.7 397.4 913.5
12 0.12 59.79 4.57 31.61 14.14 150.8 320.7 504.8 769.4 1478.7
13 0.24 65.28 7.22 37.51 14.90 154.7 360.9 576.8 900.1 1734.4
avg 0.14 56.76 4.59 30.01 12.75 133.2 298.3 472.7 736.7 1418.9
SN08YH11
1 0.12 86.36 0.66 3.21 2.64 17.8 45.4 94.7 139.5 433.7
2 0.12 72.25 0.60 3.22 2.49 14.7 38.6 81.2 119.1 372.6
3 0.13 46.19 0.32 2.58 2.20 12.5 39.8 98.5 149.8 538.8
4 0.22 96.31 3.26 16.23 11.51 62.5 125.1 257.2 368.2 1038.8
5 0.13 149.94 1.40 8.63 6.49 45.8 119.0 256.6 371.3 1069.5
6 0.08 85.00 0.66 3.94 3.29 21.2 53.3 122.7 181.7 572.9
7 0.13 110.15 0.92 5.42 4.14 24.9 59.6 121.4 182.6 552.7
8 0.12 49.48 0.33 2.76 2.17 15.0 44.4 106.2 165.9 603.8
9 0.18 123.92 1.60 8.55 5.48 32.2 65.1 119.9 176.9 501.9
10 0.12 47.16 0.45 2.40 2.30 13.5 41.7 96.4 147.4 498.1
11 0.07 113.12 0.86 5.57 4.12 27.8 65.6 137.0 207.6 622.6






Supplemental Table SP3.2. Individual analysis trace element data
La Ce Nd Sm Eu Gd Dy Y Er Yb
SN08YH13
1 0.11 47.46 5.00 34.40 10.99 135.4 249.7 369.3 531.9 968.9
2 0.13 53.45 0.75 7.65 2.13 40.2 117.8 215.4 335.7 731.3
3 0.24 52.49 9.42 52.38 43.90 183.4 266.5 367.6 511.7 908.6
4 0.16 61.56 6.42 36.45 12.30 143.7 291.2 449.6 662.3 1228.3
5 0.08 43.34 0.49 4.42 2.29 25.2 70.4 138.6 208.7 574.6
6 0.08 49.16 0.59 5.29 3.13 31.2 75.3 143.8 214.7 577.7
7 0.10 49.77 1.07 8.14 4.04 31.2 82.0 145.6 224.4 571.1
8 0.12 39.46 1.01 8.79 4.43 40.2 95.9 175.5 265.6 652.1
9 0.12 53.11 0.56 5.44 2.15 37.4 116.7 212.5 339.6 814.0
10 0.10 68.21 0.54 4.27 2.65 23.4 60.3 115.9 180.5 505.8
11 0.06 37.20 0.36 3.64 1.90 19.1 46.3 85.9 130.1 330.2
12 0.71 275.68 36.40 166.55 128.78 511.3 792.1 1169.2 1547.4 2799.2
13 0.17 65.95 2.09 18.53 7.78 100.3 232.5 357.6 532.3 998.9
14 0.39 109.71 11.69 61.50 18.10 299.5 694.2 1095.9 1606.5 2828.3
15 0.14 52.82 0.83 6.83 2.39 33.4 100.0 175.7 272.2 618.1
16 0.15 73.28 8.11 43.96 17.19 174.9 344.9 525.3 756.5 1407.1
avg 0.18 70.79 5.33 29.27 16.51 114.4 227.2 359.0 520.0 1032.1
SN08YV03
1 0.14 23.01 6.47 33.76 19.61 167.5 395.1 589.9 930.6 1371.7
10 0.33 36.42 1.66 10.61 9.64 67.5 226.4 419.2 724.0 1533.0
11 0.06 27.03 0.88 6.18 5.85 41.0 128.7 240.4 391.5 864.9
12 0.10 28.06 1.17 9.18 8.56 51.3 179.1 349.2 607.5 1379.2
13 0.13 19.56 1.09 6.39 6.68 41.8 130.6 234.0 381.3 768.5
14 0.07 20.75 0.61 5.10 5.06 31.5 110.6 205.7 347.8 756.7
15 31.56 1.49 10.73 10.43 55.45 189.6 355.8 591.1 1294.0
2 0.29 26.58 1.24 7.28 7.52 45.3 147.6 275.2 470.3 1041.7
3 0.11 28.91 0.83 5.84 6.18 42.1 141.4 271.1 459.3 1016.0
4 0.05 23.40 0.68 5.71 5.20 31.5 112.4 205.9 353.6 783.6
5 0.06 21.79 0.71 5.54 5.87 33.6 121.6 220.3 382.7 835.9
6 0.11 24.40 5.51 33.17 22.55 172.6 447.6 656.7 1059.2 1631.1
7 0.09 18.65 0.62 5.49 5.76 39.7 168.3 354.6 683.5 1759.3
8 0.10 25.13 3.55 20.19 20.57 101.2 266.0 433.8 720.7 1417.6
9 0.07 19.88 0.65 4.71 5.14 27.1 101.2 185.7 313.8 713.1






Supplemental Table SP3.2. Individual analysis trace element data
La Ce Nd Sm Eu Gd Dy Y Er Yb
SN08YV07
1 0.23 38.13 0.66 6.78 5.16 46.1 166.1 313.7 539.7 1226.9
2 0.08 42.36 0.66 5.11 5.52 37.0 126.5 221.8 389.9 899.5
3 0.03 35.42 0.69 5.17 5.87 32.9 116.2 204.5 352.6 802.2
4 0.07 41.55 1.83 12.70 12.47 79.1 230.5 403.2 700.7 1530.6
5 0.56 39.35 0.84 6.55 5.97 39.9 125.4 231.0 384.4 902.2
6 0.08 34.00 0.58 5.59 5.62 36.4 141.4 270.4 475.4 1139.4
7 0.06 28.70 0.38 3.83 4.24 29.4 112.1 211.9 373.4 912.1
8 0.09 39.28 2.55 16.05 14.56 95.7 268.1 444.3 736.1 1543.0
9 8.55 43.43 1.17 6.50 6.51 41.0 138.8 261.2 443.7 1052.5
10 0.08 30.11 1.23 10.96 9.76 73.5 238.5 396.0 668.4 1346.0
11 0.10 32.49 0.67 5.10 5.00 36.9 126.4 226.7 395.1 885.2
12 0.10 24.27 0.35 2.94 3.00 24.1 102.0 184.1 326.4 800.7
13 3.75 48.12 1.36 5.37 5.88 32.3 102.4 181.0 307.4 708.3
14 0.09 48.58 1.71 12.22 11.42 72.7 243.8 457.9 788.6 1841.3
15 0.09 44.77 1.00 7.65 6.90 59.4 202.5 373.4 641.3 1459.5
16 0.09 34.52 0.67 5.68 5.39 37.1 134.0 235.6 411.4 925.2
avg 0.88 37.82 1.02 7.39 7.08 48.3 160.9 288.5 495.9 1123.4
Spot
Chondrite Normalized
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